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SECTION  I 
INTRODUCTION 

Grain  size  refinement  has  long  been  known  to  increase  the  strength  of 
metals  (Reference  1).  Numerous  approaches  to  accomplishing  this  refine¬ 
ment  In  Ingot  metallurgy  (I/N)  aluminum  (Al)  alloys  have  been  Investigated 
(References  2,3).  Thermomechanical  treatments  of  I/N  materials  have 
resulted  In  grain  refinement  but  without  significant  gains  In  mechanical 
properties  (References  4-7).  The  powder  metallurgy  (P/M)  approach  to 
grain  refinement  represents  a  dramatic  departure  from  conventional  I/N 
techniques. 

Investigators  have  probably  always  realized  that  superior  mechanical 
Integrity  (fatigue,  toughness,  duclllty,  and  corrosion  resistance)  of  P/M 
materials  could  never  be  achieved  without  the  complete  elimination  of  poros¬ 
ity  and  the  existence  of  metal -to-metal  bonding  everywhere  within  the 
product  (References  8,9,10).  Pressure  alone  Is  Insufficient  to  accomplish 
this.  In  fact,  the  determination  of  satisfactory  processing  parameters 
for  P/M  products  has  been  the  subject  of  several  Investigations  In 
recent  years  (References  11,12).  Solid  state  sintering  cannot  achieve 
sufficient  metal -to-metal  bonding  In  Al  P/M  because  of  the  highly  stable 
oxide  on  the  surface  of  the  powder  particles.  Liquid-phase  sintering 
would  defeat  the  purpose  of  the  greater  supersaturation  of  alloying 
elements  desirable  to  enhance  subsequent  precipitation  strengthening. 

Hot  vacuum  compaction  results  In  a  somewhat  higher  degree  of  product 
soundness  but  still  does  not  achieve  the  kind  of  maximum  Integrity  which 
Is  only  Imparted  from  substantial  amounts  of  hot  deformation  (Reference  13). 
Dendritic  solute  segregation  Is  known  to  Increase  as  solidification  rate 
Increases;  however,  dendrite  cell  size  decreases  as  the  solidification 
rate  Increases.  The  resulting  segregation  Is,  therefore,  easier  to 
homogenize  because  the  diffusion  distances  are  shorter.  This  Is  one  of 
the  key  factors  giving  the  P/M  approach  Its  advantage  (Reference  14). 
Obviously,  solidification  rates  achievable  for  an  "Ingot”  on  the  order 
of  15  microns  In  size  will  be  greater  than  those  for  an  Ingot  15  centi¬ 
meters  In  size.  The  greater  homogeneity,  finer  grain  size  and  diffusion- 
limiting  oxide,  all  Inherent  with  the  P/M  process,  provide  the  advantages 
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of  higher  solution  and  deformation  temperatures  without  "hot  shortness" 
(eutectic  melting),  lower  deformation  loads  for  hot  working,  and  greater 
resistance  to  fracture  during  forging  because  of  enhanced  hot  ductility. 

The  U.S.  Army  was  first  In  supporting  research  and  development  efforts 
In  fully  dense  A1  P/M  products  for  Intended  replacement  of  brass  alloys  In 
munitions  applications.  Subsequent  U.S.  Air  Force  Interest  In  such 
products  was  with  the  intent  of  A1  P/M  applications  as  replacements  fbr 
selected  I/M  A1  primary,  load-carrying  airframe  structures.  Strength-to¬ 
wel  ght  ratio,  toughness  and  corrosion  behavior  were  the  primary  standards 
for  performance  evaluation.  The  CT-91  A1  P/M  alloy  was  superior  In  all 
these  properties  to  the  best  A1  I/M  materials  (7075  and  7050)  (Reference  15). 
Other  advances  have  been  encouraging  but  not  dramatic  and  so  efforts  con¬ 
tinue  to  make  incremental  advances  as  well  as  to  understand  the  fundamental 
potential  and  limitations  of  the  P/M  approach  for  A1 ,  Fe,  N1  and  Tl-base 
alloy  materials  (References  16,17). 

At  least  one  author  (Reference  18)  has  noted  that  of  the  four 
critical  properties  In  structural  A1  I/M  alloy  design  and  selection 
(strength,  toughness,  corrosion  resistance  and  fatigue),  only  In  the  last 
have  significant  Improvements  not  been  made.  The  resistance  to  use  of  A1 
P/M  as  a  substitute  for  A1  I/M  has  been  based  largely  on  lack  of  adequate 
fatigue  design  data. 

The  material  used  for  the  present  work  Is  one  of  the  few  commercially 
available,  off-the-shelf  advanced  technology,  P/M  A1  alloys.  Both  longi¬ 
tudinal  (most  flow)  and  long  transverse  (least  flow)  directions  of  die 
forgings  were  tested.  The  7075  Ingot  material  used  for  comparison  was 
worked  In  three  axes  of  orientation  at  90°  to  each  other  (ABC),  as  Is 
standard  practice  when  upsetting  Is  the  preliminary  processing  procedure; 
whereas,  the  powder  material  was  only  worked  In  one  direction. 

The  following  were  the  Incentives  for  this  work:  Air  Force 
Interest  In  better  materials.  Materials  Laboratory's  Interest  In  new 
materials,  the  already  demonstrated  strength  superiority  of  the  CT-91  A1 
P/M  alloy,  the  need  for  additional  property  data  on  this  alloy,  and  the 
need  for  an  understanding  of  the  relationships  between  mlcrostructure  and 
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properties.  The  specific  objectives  were  a  comparison  of  the  micro¬ 
structure,  high  cycle  fatigue,  toughness  and  corrosion  behavior  of 
equivalent  strength  7XXX  I/N  and  P/M  aluminum  alloys.  Optical,  SEM, 
EDAX,  TEM  and  EMPA  microscopy,  notched  round  tension-tension  fatigue, 
slow-bend  Charpy  toughness  and  exfoliation  corrosion  tests  were  employed 
to  provide  these  comparisons. 
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SECTION  II 
LITERATURE  SURVEY 

1 .  PRECIPITATION  STRENGTHENED  A1  P/M  ALLOYS 

Aluminum  alloys  2024  and  7075  are  the  most  widely  used  of  all  high 
strength  A1  alloys.  For  this  reason,  they  have  been  selected  more  than 
any  others  for  scientific  and  engineering  study.  Moreover,  7075  and  2024 
are  recognized  within  the  RAD  community  as  the  standards  with  which  new  A1 
alloys  must  be  compared  (Reference  19).  Both  of  these  alloys  achieve  their 
strength  from  the  precipitation  of  very  fine  particles  within  a  solid 
solution  alloy  matrix.  However,  2XXX  alloys  simply  cannot  achieve  the 
strength  levels  of  7XXX  alloys.  Moreover,  7XXX  alloys  heat  treated  to  an 
overaged,  lower  strength  condition  but  equivalent  to  the  peak  strength 
condition  of  2XXX,  out-perform  them  In  fatigue,  toughness  and  corrosion 
behavior  (Reference  20).  The  powder  metallurgy  CP/M)  7XXX  A1  alloys  offer 
the  potential  for  Increased  precipitate  volume  from  higher  alloy  content 
without  risk  of  segregation  or  Ingot  cracking  problems  during  solidification. 
P/M  material  may  be  "solution"  treated  at  higher  temperature  than  I/M 
material  without  fear  of  grain  growth  by  virtue  of  the  presence  of  recrys¬ 
tal  11  zatlon  restricting  oxide  dispersion.  As  the  result,  even  more  of  the 
alloying  elements  can  be  driven  Into  solution  and  become  available  for 
subsequent  precipitation.  An  added  benefit  of  the  shorter  diffusion  dis¬ 
tances  Inherent  in  P/M  products  is  the  greater  effectiveness  of  homo¬ 
genization  In  shorter  times.  Additionally,  with  no  Cr  or  Zr  dlspersolds 
(required  In  Ingot  metallurgy  (1/M)  to  Inhibit  grain  growth)  to  serve  as 
added  sites  for  detrimental  heterogeneous  precipitation  and  alloying 
element  consumption,  a  larger  proportion  of  beneficial  precipitates  should 
result.  This  My  partially  explain  the  superior  strengthening  capability 
of  the  P/M  Mterlals.  Evidence  to  support  such  a  theory  Is  contained  In 
the  fact  that  additional  artificial  aging  beyond  standard  Ingot  metallurgy 
practices  Is  required  to  achieve  maximum  strength  In  the  P/M  Mterlal . 

The  comparison  between  equivalent  strength  7XXX  P/M  and  7XXX  I/M  alloys 
should  be  Mde.  That  Is,  for  an  optimum  combination  of  strength,  tough¬ 
ness,  fatigue  and  corrosion;  heretofore,  the  7XXX-T7  (lower  strength) 
condition  was  selected  over  2XXX  alloys.  Now,  with  the  advent  of  P/M, 
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fatigue  and  strength  can  be  Improved  upon  without  sacrifices  In  toughness 
or  corrosion  properties. 

It  Is  generally  observed  In  Most  Materials  that  a  decrease  In  all 
mechanical  properties  Is  experienced  In  the  transverse  orientations.  This 
anisotropy  has  historically  been  accounted  for  by  the  unfavorable  distri¬ 
bution  and  orientation  of  Inclusions,  by  crystallographic  texture,  or  by 
Inadequate  deformation  processing  In  a  given  orientation  (Reference  21). 

Other  work  undertaken  to  understand  the  real  origins  of  this  anisotropy 
has  Indicated  that  in  contrast  to  Ti  alloys,  very  little  of  the  anisotropy 
effects  observed  In  these  P/M  A1  alloys  Is  the  result  of  crystallographic 
texture  (Reference  22).  Instead,  anisotropy  of  strength  and  toughness  Is 
probably  more  Induced  In  I/M  materials  by  the  distribution  of  constituent 
particles  and  In  P/M  materials,  by  the  distribution  of  oxide  particles.  It 
Is  doubted  whether  such  anisotropy  can  be  easily  or  economically  eliminated 
In  commercial  products  (References  23,  24). 

It  Is  Important  to  understand  that  the  primary  processing  procedures 
for  forging  I/M  alloys,  let  alone  for  the  new  P/M  alloys,  are  not  at  all 
definitive.  The  amount  of  work  required  to  achieve  optimum  microstructure 
and  properties  Is  simply  unknown.  In  many  cases,  the  achievement  of 
final  geometry  from  the  forging  process  Is  the  only  criterion  employed 
In  following  a  given  forging  schedule.  For  this  reason,  common  practice 
to  achieve  adequate  working  simply  Involves  preliminary  working  by 
extrusion  or  multiple  orientation  upsetting.  In  this  way,  most  of  the 
adverse  effects  of  directionality  In  flow  are  overcome.  Unlike  a  cast 
Ingot  microstructure,  as-vacuum-hot-compacted  powder  metallurgy  billets 
possess  a  completely  homogeneous  microstructure.  The  only  reason  powder 
materials  must  be  worked  at  all  Is  that  some,  as  yet  unestabllshed,  amount 
of  shearing,  tearing  and  re-welding  of  powder  particles  Is  essential  for 
product  soundness.  That  Is,  because  of  the  Inherent  oxide  layer  sur¬ 
rounding  each  powder  particle,  metal -to -metal  contact  In  the  as-compacted 
powder  billet  condition,  though  fully  dense.  Is  less  than  required  to 
result  In  good  toughness  and  cyclic  mechanical  properties.  Aside  from 
their  restriction  of  recrystal llzatlon  and  grain  growth,  the  oxides  In 
P/M  material  are  not  believed  to  produce  any  other  effects  except  at  much 
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higher  volume  fractions  where  ihey  can  produce  substantial  Increases  In 
strength  of  otherwise  low  strength  aluminum  alloys  (References  25,  26). 

As  with  the  oxide,  cobalt  dlspersold  particles  may  play  some  role 
In  Inhibiting  recrystalllzatlon  and  grain  growth.  However,  no  significant 
mechanical  or  chemical  effects  have  thus  far  been  observed  from  their 
presence.  Historically,  they  had  been  credited  with  the  enhanced  re¬ 
sistance  to  stress  corrosion  cracking  of  the  CT-91  A1  P/M  alloys,  but 
this  contribution  is  now  uncertain  and  In  the  process  of  re-evaluation 
(References  27,  28). 

2.  CRYSTALLOGRAPHIC  STRUCTURE  AND  STACKING  FAULT  ENERGY 

Because  aluminum  alloys  are  face-centered-cublc  (FCC)  and  have  a 
high  stacking  fault  energy  (SFE),  they  do  not  display  a  fatigue  endurance 
limit,  do  not  normally  twin,  cleave  nor  fall  Intergranularly,  and  do  not 
exhibit  a  significant  grain  size  dependence  In  fatigue  crack  growth  rate 
(References  29-44).  Commercial  aluminum  alloys  cyclically  soften  and 
develop  coherent,  wavy  slip  bands  in  the  {111 }<1 1 0>  crystallographic 
orientation  but  never  Initiate  failure  In  these  bands.  Instead,  fatigue 
crack  Initiation  always  occurs  at  grain  boundaries,  pores  or  particles 
greater  than  one  micron  In  size  (References  45-75). 

Fatigue  crack  propagation  (FCP)  can  Itself  be  considered  to  progress 
through  three  growth  rate  transition  stages.  First,  the  microstructure 
and  perhaps  the  environment  Initiate  the  process  at  some  finite  threshold 
of  changing  stress  intensity  (aK^).  Second,  the  process  continues  In  a 
more  linear  fashion  dependent  upon  the  alternating  stress  Intensity  and 
the  aggressiveness  of  the  environment.  Third,  the  process  becomes 
unstable  and  accelerates  rapidly  to  failure  In  a  mode  dependent  only 
upon  static  stress  conditions.  The  material  properties  which  control 
the  first  two  of  these  transitions  have  been  much  speculated  about.  For 
the  third  stage.  It  has  generally  been  agreed  that  fracture  toughness 
Is  the  only  material  property  of  significance  (References  76,  77). 

Stage  I  FCP  occurs  along  preferred  crystallographic  slip  planes  at  a  45° 
angle  to  the  applied  tensile  axis  (planes  of  maximum  shear  stress).  Its 
propagation  rate  Is  more  rapid  for  "wavy”  than  for  "planar”  slip  materials. 
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Stage  II  FCP  occurs  at  90°  to  the  applied  tensile  axis  after  a  certain 
crack  growth  rate  has  been  reached  (References  78-80).  The  transition 
from  Stage  I  to  Stage  II  FCP  occurs  at  approximately  the  beginning  of 
the  linear  portion  of  the  fatigue  crack  growth  rate  (da/dN  vs.  &K)  plot. 
This  also  roughly  coincides  with  the  onset  of  "strlation"  (radially  emanat¬ 
ing  lines  of  crack  advance  roughly  perpendicular  to  the  origin)  formation 
(Reference  31).  This  transition  occurs  when  a  crack  length  of  a  few 
hundred  microns  Is  reached  and  has  been  considered  a  more  practical 
definition  of  the  transition  between  FCI  and  FCP  (Reference  82).  Investi¬ 
gators  have  noted  that  crack  growth  rates  In  this  range  of  crack  lengths 
are  extremely  slow  (Reference  83). 

3.  MICROSTRUCTURAL  EFFECTS 

The  fine  grain  size  contribution  to  strengthening  of  P/M  materials 
permits  them  to  be  used  in  the  overaged  condition  without  a  loss  in 
strength  below  the  level  of  I/M-T6  condition.  The  lack  of  a  greater 
relation  between  grain  size  and  strength  has  been  explained  in  terms  of 
the  action  of  dispersoids  and  semi -coherent  precipitates  promoting  slip 
and  reducing  the  Influence  of  grain  boundaries.  Grain  size  should  not 
begin  to  exhibit  a  significant  effect  on  strength  until  the  grain  size 
approaches  the  dlspersold  size.  Subgrain  size  In  any  aluminum  alloy, 
either  I/M  or  P/M,  reaches  an  equilibrium  size  with  deformation  which  Is 
dependent  upon  SFE.  Therefore,  subgrain  size  does  not  significantly 
affect  strength  either.  What  remains  then.  In  the  difference  between 
the  strength  of  pure  aluminum  and  aluminum  alloys  are  a  combination  of  the 
effects  of  solid  solution,  dispersion  and  precipitation  strengthening. 

The  Incremental  gains  In  strength  of  fully-strengthened  P/M  alloys  over 
their  fully-strengthened  I/M  counterparts  have  been  relatively  small, 
which  fact  Is  fully  In  line  with  these  considerations. 

Grain  size  has  been  observed  to  be  related  to  fatigue  strength  for 
low  SFE  (high  strain  hardening)  materials.  Grain  size  also  has  some 
effect  on  fatigue  strength  for  high  SFE  (low  strain  hardening)  materials 
but  the  effect  Is  much  smaller.  Longer  fatigue  lives  In  either  case 
have  been  attributed  to  longer  FCI  lives  with  fine  grain  size  material 
(Reference  84).  Although  grain  size  normally  has  Its  greatest  effect  In 
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constant  amplitude  HCF  conditions,  the  dislocation  cell  structure  of  high 
SFE  materials  totally  masks  the  effect  (Reference  85). 

In  large-grained  materials,  cracks  are  Initiated  at  relatively  higher 
stresses  than  In  small-grained  materials.  However,  a  low  stress  that 
"Initiated"  a  crack  In  the  fine-grained  material  may  be  Insufficient  to 
propagate  It.  Hence,  the  crack  has  not  really  initiated  (Reference  86). 

A  possible  explanation  Is  that  the  myriad  of  small  grain  boundaries,  each 
acting  as  a  free  surface,  serve  to  distribute  and  relieve  the  stress 
concentration  thereby  lowering  the  effective  stress  level  and  retarding 
transition  to  Stage  II  FCP.  So,  on  the  one  hand,  grain  boundaries  are 
believed  to  Inhibit  fatigue  microcrack  growth  since  slip  systems  are 
discontinuous  across  them.  On  the  other  hand,  grain  boundaries  can  serve 
as  the  Initiation  sites  In  fatigue  and  as  crack  paths  In  fracture  because 
of  their  Inherent  discontinuity  and  function  as  a  sink  for  constituent 
segregation  (Reference  87).  Stage  II  FCP  Is  found  to  be  proportional  to 
SFE  (Reference  88).  Since  both  I/H  and  P/M  A1  alloys  have  the  same  SFE 
and  form  cells  which  do  not  Impede  FCP,  Stage  II  crack  growth  rates  should 
be  the  same  for  I/M  and  P/M  materials.  At  low  amplitudes  In  Stage  I, 
coarse  grain  size  does  In  fact  retard  crack  advance.  Investigators  have 
found  such  a  relationship  between  coarse  grain  size  and  slow  Stage  I  crack 
growth  rates.  This  fact  Is  supported  by  the  lower  value  for  threshold 
stress  Intensity  (aK^)  for  the  finer  grain  size  P/M  materials  (References 
89-91).  But  again,  grain  size  effects  are  only  Important  at  these  very 
low  AK  levels  (References  92,  93).  At  least  In  Stage  II,  fine  grain  size 
does  not  accelerate  FCP.  Note  that  this  fact  Is  not  Inconsistent  with  the 
experimental  observation  that  overall  FCP  Is  slower  In  a  single  crystal 
than  In  a  polycrystal.  Most  materials  are  used  In  polycrystal  line  form 
and  therefore,  exhibit  the  second  stage  of  FCP  which  Is  more  sensitive  to 
material  properties  (References  94-99).  It  has  been  demonstrated  that 
aggressive  environmental  conditions  can  completely  eliminate  such  effects 
(Reference  100). 

In  conjunction  with  the  decrease  In  Importance  of  grain  size  In  FCP 
for  large  plastic  zone  sizes  and  Increasing  crack  growth  rates,  there  Is 
an  Increase  In  the  Importance  of  second  phase  constituent  particles 
(References  101,  102). 
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Others  have  shown  that  as  solidification  rate  decreases,  the  amount 
of  equilibrium  constituents  formed  and  their  segregation  Increases  and 
transverse  mechanical  properties  decrease  (Reference  103).  Large  second 
phase  particles  formed  during  solidification  or  solution  treatment  of 
high  strength  A1  alloys  do  not  provide  significant  strengthening  by 
comparison  with  the  finer  precipitates  formed  during  subsequent  low 
temperature  aging.  In  fact,  these  large  second  phase  particles  are 
detrimental  to  fatigue  and  toughness  properties  In  much  the  same  manner 
as  manganese  sulfide  inclusions  In  steels,  which  are  a  primary  cause  for 
anisotropy  In  these  materials  (Reference  104).  Unlike  fatigue  strength, 
great  success  has  been  met  In  efforts  to  Improve  the  toughness  of 
aluminum  I/M  alloys  over  the  past  15  years.  The  approaches  taken  have 
generally  involved  controlling  the  second  phase  particle  size  and 
distribution  (References  105-107).  But,  as  with  fatigue,  other  micro- 
structural  features  as  well  as  deformation  mode  play  a  significant  role 
In  determination  of  the  toughness  of  a  given  material.  The  smaller 
precipitates  do  not  affect  FCP  and  their  behavior  Is  nearly  Indistinguish¬ 
able  from  that  of  the  aluminum  matrix  which  acts  like  a  continuous  field. 
In  constant  amplitude  cycling  conditions,  the  effect  of  large  Inclusions 
In  Stage  II  growth  Is  minimal.  These  Inclusions  are  really  only  Important 
In  Initiation.  But  these  Inclusions  do  become  Important  In  spectrum 
loading  conditions  where  they  assist  In  crack  growth  retardation  following 
overloads.  Since  such  large  inclusions  are  not  present  In  P/M  materials, 
this  effect  Is  not  observed  (Reference  108). 

Since  the  plastic  zone  size  Is  at  the  outset  already  much  larger  than 
the  P/M  grain  size,  a  faster  fatigue  crack  rate  and  a  lower  a Kth  are 
expected  and  have  been  observed  (References  109,  110).  One  theory 
attributes  these  observations  to  the  decreased  potential  for  dislocations 
to  retrace  their  paths  across  many  grain  boundaries  (Reference  111).  If 
the  plastic  zone  size  Is  smaller  than  the  grain  size,  slip  Is  not 
reversible  because  the  number  of  available  slip  systems  Is  restricted. 
Under  these  conditions,  crystallographic  or  "Stage  I"  cracking  occurs 
(Reference  112).  When  the  plastic  zone  size  approaches  the  grain  size, 
micros tructural  features  cease  to  affect  FCP.  This  coincides  more  or  less 
with  the  transition  to  Stage  II,  and  strlatlon  formation  In  the  Paris  Law 
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region  of  the  cruck  growth  rate  vs.  AK  plot.  X-ray  microbeam  and  electron 
channeling  contrast  techniques  for  measuring  plastic  zone  size  at  different 
AK  levels  have  found  a  linear  relation.  More  than  this.  It  has  been  con¬ 
cluded  that  subgrain  size  and  crack  opening  displacement  (COO)  are  related 
neither  to  each  other  nor  to  fatigue  crack  growth  rates  (Reference  113). 

4.  FATIGUE  BEHAVIOR 

a.  High  and  Low  Cycle  Fatigue 

In  the  name  of  "Damage  Tolerant  Design  Philosophy",  fatigue  crack 
growth  resistance  has  been  receiving  the  "lion's  share"  of  attention  from 
the  aerospace  design  comnunlty  In  recent  years  (Reference  114).  Such  an 
approach  completely  obscures  consideration  of  fatigue  crack  Initiation 
resistance;  which.  In  fact,  actually  controls  fatigue  life.  The  fine 
grain  size  which  permits  gains  In  all  static  properties  and  even  In 
fatigue  crack  Initiation  resistance  and  total  fatigue  life,  may  be 
eclipsed  by  the  Inferior  fatigue  crack  growth  behavior  Inherent  In  fine¬ 
grained  material  at  low  stress  Intensities.  The  recent  shift  In  design 
emphasis  to  tolerance  of  assumed  pre-existent  cracks  nearly  stifles  the 
historical  trend  of  fine  grain  material  selection.  The  historical  superior 
In-service  fatigue  performance  of  fine-grained  I/M  materials  has  not 
sufficient  evidence  to  support  the  open-armed  acceptance  of  P/M  materials 
In  fatigue-critical  applications. 

Fatigue  can  be  defined  as  the  localized  accumulation  of  plastic 
deformation  from  cyclic  loading.  Improvement  In  fatigue  crack  Initiation 
(FCI)  resistance  should  theoretically  be  obtainable  by  Increasing  the 
homogeneity  of  plastic  deformation.  It  Is  also  theorized  that  If  dis¬ 
locations  are  required  to  "loop"  around  rather  than  "shear"  through 
strengthening  precipitates,  such  homogeneity  Is  enhanced.  Grain  size 
reduction  Is  yet  another  means  considered  to  promote  homogeneous  plastic 
deformation  (Reference  115).  An  "overaged"  P/M  alloy  with  Its  fine 
grain  size  and  non-s hearable  precipitates  should  therefore  possess 
optimum  FCI  resistance.  If  fatigue  crack  propagation  (FCP)  Is  really 
dependent  on  elastic  or  shear  modulus  (E  or  G),  little  Improvaawnt  can 
ever  be  hoped  for  In  that  respect.  Notches  should  be  viewed  as  they  really 
are... sites  for  crack  Initiation  but  not  actually  "cracks".  Microstructure 
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and  deformation  behavior  have  different  effects  on  fatigue  performance 
under  different  conditions  of  stress  and  strain  cycling.  Therefore, 
both  low  amplitude,  long  life  or  "high  cycle  fatigue"  (HCF)  and  high 
amplitude,  short  life  or  "low  cycle  fatigue"  (LCF)  types  of  testing  are 
valuable  for  materials  evaluation  (Reference  116). 

The  following  general  and  non-mechanism  dependent  conclusions 
have  been  reached  by  several  Investigators  about  the  nature  of  fatigue 
crack  Initiation  (FCI)  and  fatigue  crack  propagation  (FCP)  In  metallic 
materials  (References  117-121). 

High  strains  promote  homogeneous  (uniform)  deformation  and  can 
Initiate  failure  at  "Intrusions"  and  "extrusions"  generated  by  "persistent 
slip  band"  (PSB)  formation.  More  often,  however,  LCF  testing  tends  to 
concentrate  deformation  heterogeneously  at  pre-existing  discontinuities, 
any  of  which  become  possible  Initiation  sites  and  the  cause  of  failure 
depending  on  sl2e  and  coincidental  location  In  the  specimen.  LCF  may  not 
Identify  the  very  worst  actor(s)  however,  since  fracture  is  nearly  always 
Initiated  at  a  free  surface  and  therefore,  typically,  the  external 
surface.  This  Is  a  consequence  of  the  state  of  biaxial  or  plane  stress 
that  exists  there,  as  well  as  of  the  Impossibility  of  a  truly  perfect 
surface  (Reference  122).  For  a  crack  to  Initiate  Internally  In  prefererce 
to  the  specimen  surface,  the  stress  concentration  must,  by  definition,  be 
greater  there.  Such  a  situation  occurs  occasionally  In  LCF  at  gross 
defects  (Reference  123).  But,  as  the  depth  below  the  surface  Increases, 
the  size  of  the  defect  required  to  Initiate  failure  Increases  markedly 
(Reference  124).  For  this  reason,  the  P/M  material  should  be  Inherently 
superior  In  fatigue  than  I/M  material  because  of  the  Inherently  smaller 
Inclusion  size;  which  should  be  limited  to  the  maximum  prior  powder 
particle  size  In  P/M  material  assuming  no  additional  contamination  Is 
Introduced  In  handling.  In  LCF  then,  the  effects  of  such  discontinuities 
should  be  somewhat  less  significant  than  In  HCF.  Moreover,  Internal 
Initiation  Is  likely  to’occur  only  for  materials  possessing  very  low 
levels  of  defects  (References  12S,  126).  In  fact,  there  Is  little  dif¬ 
ference  In  life  expectancy  between  defective  and  defect-free  material  under 
LCF  loading  conditions  (Reference  127). 
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For  this  reason,  and' Ip  general  for  any  alloy  system  In  LCF, 

fatigue  crack  Initiation  (FCI)  can  be  considered  to  be  dependent  on 

defect  size  and  distribution  while  fatigue  life  can  be  considered  to  be 

more  a  function  of  fatigue  crack  propagation  (FCP)  Because  LCF  life  Is 

mainly  crack  growth.  These  assertions  are  supported  by  the  general 

observation  that  cracks  typically  Initiate  at  approximately  1%  of  total 

life  In  LCF  as  can  be  determined  by  the  first  electronically  detectable 

load  drop  above  experimental  error  (Reference  128).  Low  strains  tend 

to  promote  only  heterogeneous  (localized)  deformation  at  pre-existing 

stress  concentrating  discontinuities,  and  Initiate  fatigue  failure  at 

these.  In  HCF,  Initiation  Is  always  at  the  worst  defect  on  the  surface 

of  the  specimen.  If  there  are  relatively  few  Inclusions  of  acute  shape, 

they  could  conceivably  be  expected  not  to  be  found  at  the  surface.  In  such 

an  Instance,  crack  Initiation  could  be  Internal  even  In  HCF.  However, 

since  most  engineering  aluminum  alloys  are  known  to  contain  large  numbers 

of  relatively  brittle  (therefore  typically  acute  In  shape  from  fracture 

during  processing)  Inclusions,  Initiation  Is  expected  and  virtually  always 

occurs  at  the  external  surface  (Reference  129).  The  statistical 

probability  of  FCI  In  A1  alloys  decreases  rapidly  as  Inclusion  size 

decreases  (Reference  130).  Significant  differences  In  fatigue  life  are 

observed  between  defective  and  defect-free  material.  In  general,  for 

any  alloy  system  In  HCF,  fatigue  crack  Initiation  (FCI)  can  be  considered 

to  be  a  function  of  FCI  since  HCF  life  Is  mainly  crack  Initiation 

(References  131-133).  The  assertion  that  defect  shape  rather  than  size  or 

distribution  control  FCI  In  HCF  Is  supported  by  the  fact  that  Investigators 

have  observed  that  only  a  certain  fraction  of  even  the  very  largest  pores 

or  particles  ever  Initiate  cracks.  That  fraction  Is  also  observed  to 

Increase  as  the  nominal  stress  or  strain  Increases  (Reference  134).  These 

facts  are  completely  consistent  with  the  differences  observed  In  FCI 

between  LCF  and  HCF  behavior.  Others  have  shown  that  defect  (pore  or 

particle)  shape  and/or  orientation  with  respect  to  the  gross  stress/straln 

axis,  more  than  defect  size  or  distribution  within  the  bulk  material,  are 

the  keys  to  whether  a  given  defect  Initiates  a  crack  (Reference  135). 

I  That  Is,  two  defects  of  equal  size  may  not  develop  equal  stress  concen- 

|  tratlons.  In  other  words,  minimum  defect  size  Is  a  necessarv  bt.  Insuf- 

|  f 1c lent  criterion  for  crack  Initiation.  The  actual  stress  concert . *at1on 

i 
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developed  for  a  given  applied  stress/strain  because  of  shape  and/or 
orientation,  constitutes  the  precise  criterion  for  FCI. 

"Scatter"  In  fatigue  data  is  Inherently  larger  in  HCF  than  in  LCF 
test  results.  This  is  due.  In  part,  to  the  change  in  Importance  from 
FCP  and  bulk  static  mechanical  properties  in  LCF  to  the  greater  Importance 
of  FCI  In  HCF  as  previously  discussed  (Reference  136).  Defects  and 
particles  In  the  bulk  material  are  only  Important  in  LCF  because  of  their 
effect  on  FCP  and  toughness.  In  HCF,  defects  and  particles  have  little 
or  no  effect  on  FCP  for  most  of  the  fatigue  life  as  evidenced  by  the 
absence  of  their  Interference  with  fatigue  strlations.  Only  at  very  high 
fluctuations  In  stress  intensity,  approaching  the  fracture  toughness  of 
the  material,  do  such  particles  affect  FCP  (References  137,  138).  The 
smaller  amount  of  scatter  In  LCF  data  is  believed  to  be  due  to  shorter 
initiation  periods  prior  to  FCP  which  is  consistent  with  the  multiple 
initiation  sites  generally  observed.  The  first  of  these  to  initiate  by 
virtue  of  its  size  and  proximity  to  the  surface,  causes  failure.  The 
larger  amount  of  scatter  in  HCF  data  is  conversely  believed  to  result 
from  a  longer  period  of  initiation  prior  to  FCP  which  is  consistent  with 
the  single  initiation  (at  the  worst  defect)  typically  observed.  Hence, 
failure  becomes  an  Increasingly  statistical  phenomenon  in  HCF  (References 
139-141). 

b.  Relationships  Between  Nonotonic  and  Cyclic  Properties 

Because  fatigue  is  the  accumulation  of  plastic  strain,  fatigue 
thresholds  and  strengths  should  Increase  with  increasing  yield  strength 
(Oy  s  )  of  materials.  This  makes  sense  because  the  amount  of  stress  that 
can  be  accommodated  before  a  permanent  (plastic)  strain  results  is 
obviously  greater  for  a  material  with  greater  yield  strength.  But,  yield 
and  ultimate  strengths  are  not  very  predictive  of  fatigue  strengths  because 
they  represent  only  an  engineering  contrivance.  In  fact,  very  little 
relationship  between  either  FCI  or  FCP  and  strength  or  microstructure 
exists  (References  142,  143).  Research  has  shown  that  large  differences 
In  y.s.  and  u.t.s.  do  not  affect  FCI  or  FCP  (References  144-146).  Stage  II 
FCP  seems  to  be  governed  by  elastic  modulus  (E)  and  the  strain  hardening 
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exponent.  The  effect  of  tempt rature  on  these  is  observed  to  have  the 
same  effect  on  FCP  rate  (Reference  147).  As  noted  earlier,  structural 
features  do  become  Important  at  high  A K  levels  due  to  the  fact  that  K 

max 

approaches  KIC  or  Kq  (depending  on  whether  plane  strain  or  stress 
conditions  respectively,  are  prevailing).  Crack  growth  rates  in  tougher 
materials  will  be  slower  (at  high  AK  levels)  than  in  brittle  materials. 

This  is  consistent  with  superior  LCF  behavior  of  higher  toughness 
materials  (Reference  148). 

In  contrast  to  aluminum  alloys,  some  pure  metals,  for  example, 
copper,  exhibit  a  direct  correlation  between  fatigue  strength  and  yield 
strength.  Similarly,  other  alloy  systems  that  rely  on  precipitation 
strengthening,  for  example,  iron  base  alloys,  exhibit  a  higher  ratio  of 
fatigue  to  yield  strength  reflecting  their  greater  microstructural 
stability  In  cyclic  loading  at  room  temperature.  This  is  related  to  the 
higher  temperature  of  precipitation  for  ferrous  alloys  (Reference  149). 

In  certain  strength  ranges,  ferrous  alloy  fatigue  strength  is  about  half 
the  yield  strength.  For  A1 ,  Mg,  Cu  and  Ni-base  alloys,  fatigue  strength 
is  about  a  fourth  to  a  third  of  the  ultimate  strength  (References  150,  151). 
The  ratio  of  smooth  fatigue  strength  to  ultimate  monotonic  tensile  strength 
Is  sometimes  called  the  "fatigue  ratio"  (Reference  152).  It  has  been 
known  for  many  years,  that  neither  smooth  or  notched  fatigue  strengths 
of  aluminum  alloys  are  greatly  affected  by  product  type,  alloy  chemistry, 
strengthening  mechanism,  grain  size  or  static  strength  (References  153-155). 
However,  as  static  strength  Increases,  smaller  and  smaller  Inclusions  can 
give  rise  to  failure  since  critical  crack  length  decreases  because  tough¬ 
ness  does  not  Increase  as  rapidly  as  strength.  Therefore,  the  Inherently 
smaller  Inclusions  in  P/M  material  should  make  it  superior  in  fatigue  to 
I/M  material  at  equal  strength. 

Correlations  of  fatigue  strength  with  elastic  modulus  are  found 
to  be  more  universally  applicable  than  correlations  with  static  strengths 
(References  156-159). 

All  theoretical  and  empirical  approaches  used  to  account  for  FCP 
behavior  incorporate  the  shear  or  elastic  modulus  (G  or  E)  or  a  factor  the 
size  thereof  in  their  calculations  (References  160-164). 
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The  Inverse  relationship  between  crack  growth  rate  and  Modulus 
Is  common  to  all  materials  and  all  crack  growth  predictions  models. 
Unfortunately,  the  value  of  E  can  only  be  Increased  by  about  10X 
(Reference  165).  SFE  and  cannot  be  significantly  Increased  either 
(References  166,  167).  Note  that  E  Increases  only  3X  due  to  precipitate 
coherency,  while  any  remaining  Increase  Is  due  to  the  enriched  solid 
solution  (Reference  168).  Historically,  it  was  found  that  high  solid- 
solution  concentrations ;  for  example  25%  Zn  In  A1  alloys,  resulted  in 
both  higher  modulus  and  fatigue  strength.  Such  highly  concentrated  I/M 
alloys  were  unstable  and  tended  to  segregate.  Aluminum- lithium  alloys 
present  one  of  the  greater  potentials  for  Increasing  modulus  and  com¬ 
mensurate  fatigue  strength.  The  P/M  approach  avoids  the  stability  and 
segregation  difficulties.  But,  unfortunately,  Al^LI  precipitates,  which 
Increase  the  modulus,  substantially  lower  the  toughness  and  LCF  properties 
(Reference  169). 

c.  Practical  Considerations  In  Fatigue  Evaluation 

The  stresses  created  In  real  engineering  structures  are  produced 
by  the  strains  they  are  designed  to  withstand  In  the  performance  of  their 
function.  However,  In  HCF,  load  and  strain  control  become  practically 
synonymous  because  cycling  is  occurring  In  the  nominally  elastic  load 
range;  wherein,  stress  is  directly  proportional  to  strain  as  defined  by 
“Hooke's  Law": 

o  =  Ee  (1) 

It  Is  reasonable  to  expect  then,  that  the  same  mechanical  properties  and 
mlcrostructural  features  that  produce  the  effects  experienced  in  strain- 
controlled  fatigue,  will  also  produce  those  same  effects  in  load-controlled 
fatigue.  Therefore,  load-controlled  HCF  testing  Is  a  relevant  approach 
for  investigation  of  FCI  (References  170-172).  A  significant  advantage 
of  load-controlled  testing  Is  that  rapid  generation  of  data  becomes 
possible.  Strain-controlled  testing  by  virtue  of  experimental  apparatus 
limitations.  Is  capable  of  cycling  at  a  maximum  rate  of  approximately 
30  cycles/second.  Load-controlled  testing,  on  the  other  hand,  can  be 
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perfonned  at  rates  up  to  approximately  170  cycles/second  without 
significant  effects  on  the  mechanism  of  FCI  (Reference  173). 

The  presence  of  notches  In  fatigue  test  specimens  mainly 
affects  the  FCP  and  not  the  FCI  contribution  to  total  life.  FCP  Is 
generally  predictable  from  geometry  and  linear  elastic  fracture  mechanics 
(LEFM),  whereas,  FCI  Is  dependent  upon  the  more  specific  material 
properties  which  determine  mechanisms  and  Is  not  dependent  upon  gross 
geometrical  features  (Reference  174).  The  assertion  that  even  notched 
HCF  life  Is  mainly  determined  by  the  FCI  portion  of  total  life.  Is  strongly 
supported  by  the  observations  of  others  that  the  number  of  cycles  to  FCI 
at  a  defined  crack  length  Is  approximately  the  same  for  both  smooth 
(theoretical,  geometrical  stress  concentration  factor,  K^=l)  and  notched 
(Kt=4.5)  specimens  (Reference  175).  The  generation  of  notched  HCF  data 
for  the  purpose  of  understanding  FCI  behavior,  is  therefore  easily 
justifiable.  Cracking  in  notches  is  characteristic  of  nearly  all  real-life 
failures  of  engineering  structures  (Reference  176).  As  mentioned  pre¬ 
viously,  Kt  is  merely  a  theoretical  value.  It  is  intended  to  be  a 
conservative  multiplication  factor  which,  when  applied  to  the  prevailing 
nominal  stress,  determines  the  effective  stress  seen  by  a  component  with 
a  certain  geometry.  The  effective  stress  seen  by  a  real  component  seems 
always  to  be  less  than  or  equal  to  this  value  and  to  be  dependent  on 
material  properties  as  well.  Another  such  factor  (K^)  proposed  by 
Neuber,  represents  an  empirical  approach  to  take  these  into  account 
(Reference  177).  A  third  factor  specifically  applicable  to  fatigue  (K^) 
has  also  been  widely  used  to  describe  the  effects  of  notches  on  fatigue 
behavior  (Reference  178).  This  last  factor  Is  really  just  the  ratio  of 
unnotched  to  notched  fatigue  strength  and  is  less  than  or  equal  to 
unity.  A  defining  equation  to  empirically  quantify  dependence  on 
material  properties  Is  given  as: 

Q  ■  Kf-1 

7 — r;  where,  (2) 

V 

Q  Is  called  the  fatigue  notch  sensitivity  factor  and  Is  greater  than  or 
equal  to  zero.  It  Is  not  necessarily  good  for  Q  to  equal  zero  and  Kf  to 
equal  unity  since  this  could  Indicate  a  material  so  poor  In  fatigue 
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properties  that  notches  do  not  degrade  them  further;  as  is  the  case 
with  white  cast  iron  (Reference  179). 

Fatigue  failure  is  primarily  governed  by  maximum  tensile  stresses. 
Constant  amplitude  testing  is  nearly  equivalent  to  variable  amplitude  or 
"spectrum"  testing  for  low  strain-hardening,  rapid  subgrain  stabilizing 
materials  like  A1  alloys.  Such  materials  exhibit  relatively  history- 
independent  responses  (Reference  180).  Fatigue  strength  is  observed  to 
decrease  with  decreasing  mean  stress.  Conversely,  Increases  In  mean 
stress  result  in  longer  lives.  Therefore,  the  addition  of  any  compressive 
stress  will  tend  to  degrade  total  life  (Reference  181).  FCP  is  governed 
only  by  the  change  in  maximum  stress  intensity  (aK  ),  and  for  a  given 
load,  the  severity  of  the  test  increases  as  AK(nax  increases  and  as  the 
R-ratio  decreases.  It  must  be  noted  that,  at  the  same  time,  no 
significant  change  in  fatigue  crack  growth  rate  ensues  for  decreasing 
R-ratios. 


For  7XXX  A1  alloys,  because  of  their  low  strain  hardening 
ability,  fatigue  crack  growth  (FCG)  rates  for  fully  reversed  loading  do 
not  differ  significantly  from  FCG  rates  for  tension-tension  loading. 

This  confirms  the  fact  that  the  compression  portion  of  fullyrreversed 
loading  does  little  to  advance  the  crack  (Reference  182).  A  number  of 
investigators  have  demonstrated  that  fatigue  response  of  materials  sub¬ 
jected  to  negative  R-ratios  can  be  approximated  by  simply  Ignoring  the 
negative  portion  of  a  load  excursion  with  no  loss  in  the  accuracy  of 
life  prediction  since  the  cracks  are  closed  for  compressive  loads 
(References  183-185).  Note  that  cracks  may  even  be  partially  closed  for 
low  positive  R-ratios  (Reference  186).  To  review  then.  It  Is  an 
experimentally  determined  fact  that  as  the  R-ratio  Is  Increased  from  Its 
possible  values  of  -1  to  +1,  the  fatigue  strength  Increases.  That  Is,  a 
non-zero  mean  stress  (R$-l)  will  always  Increase  measured  fatigue 
strength  (Reference  187).  But  few  real  engineering  structures  are 
subjected  to  completely  reversed  (R=-l)  cycling.  Considering  the  already 
dismal  fatigue  strength  limitations  of  high  strength  aluminum  alloys, 
such  a  fatigue  condition  would  be  unnecessarily  conservative  In  the 
evaluation  of  their  suitability  for  critical  aerospace  applications. 
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In  reality,  a  typical  fighter  aircraft  lower  wing  experiences  cyclic 
loading  conditions  approximating  R».l-.3.  A  typical  transport  aircraft 
lower  wing  experiences  cyclic  loading  conditions  approximating  R-.5  with 
a  AKmax  of  only  11  to  IbMPa*^.  An  R=.l  condition,  being  more  severe  than 
either  of  these  conditions.  Is  therefore  more  frequently  selected  for 
testing  and  evaluation  of  materials  Intended  for  use  In  such  applications. 
Note  that  upper  wings  see  only  compressive  loads  In  HCF  but  do  experience 
failures  from  LCF  tensile  loads  which  result  from  rough  landings.  It  may 
also  be  noted  that  most  of  these  loading  conditions  are  axial  In  nature 
and  so  the  use  of  axially  loaded  specfmens  to  simulate  service  conditions 
that  Involve  direct  loading  with  non-zero  mean  stress  as  an  Important 
variable  Is  quite  realistic  (Reference  188).  Although  It  has  been  noted 
that  R-ratlo  greatly  affects  total  life.  It  has  been  shown  not  to  have 
any  significant  effect  on  the  FCI  mechanism  Itself  and  hence  Is  not  a 
significant  test  variable  with  regard  to  comparisons  between  material  all 
tested  at  the  same  R-ratio.  That  Is,  relative  ranking  of  materials  will 
remain  constant  for  any  R-ratlo  (Reference  189).  Another  point  often 
made  is  that  negative  R-ratios  obliterate  fractographlc  information  making 
subsequent  analysis  more  difficult  (Reference  190).  Others  have  used 
positive  R-ratlos  merely  to  avoid  such  difficulties  (Reference  191). 

Investigators  have  found  little  difference  in  fatigue  crack 
growth  rates  at  relative  humidities  between  5  and  100%  for  aluminum 
alloys;  that  Is,  very  large  differences  In  fatigue  crack  growth  rates  have 
been  observed  between  less  than  5%  and  greater  than  5%  which  represents  a 
transition  point  (References  192,  193).  Any  fatigue  testing  performed 
at  relative  humidities  greater  than  5%  (typical  of  all  but  the  most 
sophisticated  controlled  atmospheric  conditions)  should  correlate  fairly 
well.  Therefore,  room  temperature,  laboratory  air  (^50%  relative  humidities 
with  presence  of  hydraulic  oil  vapors  from  test  machines)  can  be  con¬ 
sidered  a  fairly  aggressive  environment  for  precipitation-strengthened 
aluminum  alloys  (References  194,  195).  It  Is  an  environmental  condition 
of  practical  relevance  In  that  It  does  not  differ  significantly  from  that 
experienced  by  a  typical  engineering  structure.  It  Is  believed  that 
corrosive  environment  affects  primarily  the  propagation  of  fatigue  cracks 
and  not  their  Initiation  mechanisms  (Reference  196). 
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5.  CORROSION  BEHAVIOR 

Aluminum  is  one  of  the  most  highly  reactive  of  all  the  elements  but 
rapidly  develops  a  protective  oxide  film.  Cathodic  electrode  potentials 
of  metals  In  contact  with  aluminum  alloys  may  or  may  not  cause  "galvanic" 
(electrolytic)  attack  depending  on  the  current  flow,  which  is  limited  by 
polarization.  The  constituent  phases  (CuA^^FeAl^,  cuAlg,  FeAl^, 
(Al-Fe-SI),  and  MggSI  are  cathodic  to  the  aluminum  matrix  and  tend  to 
cause  It  to  dissolve  around  them.  MgZn2  Is  anodic  and  tends  Itself  to 
dissolve  (Reference  197).  Cu  is  added  to  aluminum  to  Increase  corrosion 
and  stress  corrosion  resistance  (References  198,  199).  Zr  and  Cr  also 
increase  stress  corrosion  resistance  but  limit  capability  for  thick 
section  strengthening.  Fe  and  Si  do  not  affect  corrosion  behavior  to 
any  significant  extent.  Mg  Is  generally  detrimental  to  corrosion 
properties  because  of  its  inherently  anodic  nature  (References  200-202). 

The  terms  stress  corrosion  cracking  (SCC)  and  corrosion  fatigue 
merely  refer  to  the  combination  of  aggressive  chemical  environmental 
conditions  with  static  or  cyclic  mechanical  stresses  respectively. 
Precipitation-strengthened  aluminum  alloys  can  be  more  or  less  susceptible 
to  these  attacks  depending  on  their  specific  heat  treatments  and  micro¬ 
structures  (Reference  203). 

The  overaged  heat  treatment  condition  for  7XXX  aluminum  alloys 
reduces  their  susceptibility  to  all  forms  of  corrosion  (Reference  204). 
Overaging  drives  the  precipitation  reaction  toward  chemical  equilibrium 
and  so  Its  beneficial  effect  on  corrosion  behavior  Is  easily  understand¬ 
able.  As  particle  size  and  spacing  Increase,  thermal  and  electrical 
conductivity  are  observed  to  Increase  (Reference  205). 

Although  relative  Importance  of  mlcrostructural  features  and 
conductivity  Is  still  controversial,  one  thing  remains  certain  and 
universally  agreed  upon.  That  Is,  the  highest  strength  (T6)  condition 
of  7XXX  I/M  A1  alloys  Is  Inferior  to  the  lower  strength  (T7)  condition 
(References  206-215).  Adequate  corrosion  resistance  has  not  been  shown 
to  depend  on  the  presence  of  any  element  (References  216,  217).  Like 
CT-91  P/M  overaged  material,  I/M  alloy  7050-T73  is  almost  comparable  to 
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7075-T6  In  strength.  This  Is  probably  the  result  of  Its  finer  grain 
size  as  well  as  lower  quench  sensitivity  (owing  to  the  use  of  Zr  Instead 
of  Cr  for  control  of  grain  growth  and  recrystal llzatlon).  However, 

7050- T73  Is  Inferior  to  7075- T73  In  SCC  resistance  (Reference  218). 

In  contrast,  the  CT-91  A1  P/N  alloy  heat  treated  to  the  fully  overaged 
condition,  nevertheless.  Is  left  equal  In  strength  to  7075-T6  with  the 
SCC  resistance  of  7075-T73.  These  advantages  for  the  P/M  material  have 
already  been  largely  documented  (Reference  219). 

Like  resistance  to  SCC,  resistance  to  corrosion  fatigue  Is  enhanced 
In  the  overaged  heat  treated  condition  of  7XXX  A1  alloys  (Reference  220). 
One  of  the  reasons  for  this  Is  apparently  the  higher  toughness  of  the 
overaged  condition.  The  Increase  In  plastic  zone  size  permits  greater 
crack  retardation  during  the  overloading  conditions  to  which  structures 
are  typically  subjected  In  real  engineering  life  spectra  (References 
221-223).  Additionally,  overall  reduced  susceptibility  to  corrosion  of 
the  microstructure  has  been  shown  to  be  a  significant  contributing  factor 
to  fatigue  crack  propagation.  The  P/M  material  which  has  equal  strength 
to  I/M  material  even  while  In  the  overaged  condition,  has  the  advantage 
of  resistance  to  environmental  acceleration  of  PCI  and  FCG  (Reference  224) 
Numerous  reviews  of  corrosion  theories  were  published  In  the  early  1970's 
(References  225-228).  But  for  all  the  theories  of  environmentally 
assisted  cracking,  basically  all  that  one  can  really  be  sure  of  Is  that 
moisture  Is  somehow  deleterious  and  overaging  heat  treatment  Is  somehow 
beneficial  to  the  corrosion  resistance  of  precipitation-strengthened 
aluminum  alloys  (Reference  229). 


SECTION  III 

EXPERIMENTAL  PROCEDURE 

1 .  MATERIALS 
v  a.  Primary  Processing 

In  conventional  Ingot  metallurgy  (I/M)  processing,  a  molten  metal 
alloy  Is  poured  Into  some  sort  of  mold  for  solidification  to  a  convenient 
shape.  In  powder  metallurgy  (P/M)  processing,  a  molten  metal  alloy  Is 
poured  In  a  restricted  flow  and  atomized  by  the  blast  of  a  gaseous  stream. 
Air  atomization  rather  than  Inert  gas  Is  used  for  aluminum  alloys  for 
several  reasons.  First,  unlike  Cu,  Fe,  N1  or  T1,  aluminum  Is  capable  of 
spontaneously  forming  a  thin  (.005  to  .01pm)  protective  oxide  scale 
around  each  solidifying  particle  which  effectively  prevents  further 
oxidation.  Virtually  no  practical  atmosphere  can  be  devised  to  prevent 
the  oxidation  of  aluminum.  Second,  the  Irregular  shape  of  air-atomized 
powders,  though  less  conducive  to  high  "tap"  densities  than  perfectly 
spherical  particles  typically  produced  by  Inert  gas  methods,  enhances 
capability  for  pore  closure  during  compaction.  Third,  air  Is  free 
(Reference  230).  The  high  rate  of  heat  extraction  In  atomization 
produces  a  high  solidification  rate  and  a  resulting  fine  grain  and 
constituent  size  (Reference  231).  Considering  the  free  energies  of 
formation  of  the  various  possible  oxides  that  might  be  formed  In  a  7XXX 
A1  alloy;  that  Is,  Al,  Mg,  Zn,  Cu,  Fe,  SI,  Cr,  Co,  one  would  expect 
mainly  MgO,  A1203  and  ZnO  In  that  order  of  formation  and  such  a  hypothesis 
has  been  verified  by  Auger  analysis  (Table  1). 

An  average  particle  diameter  (APD),  as  measured  by  Fisher 
Subsieve  Sizer,  of  about  15  microns  has  been  determined  to  be  optimum  In 
aluminum  alloys  for  good  compaction  and  retention  of  sufficient  unoxidized 
alloying  elements  to  achieve  good  mechanical  properties.  Whereas,  given 
reasonable  quality  control,  conventional  solidified  Ingots  originate  as 
fully  dense  products,  solidified  powder  particles  must  be  compacted  to 
achieve  full  density.  To  accomplish  this,  the  powder  Is  first  cold 
Isostatlcally  pressed  In  a  "wet  bag"  to  approximately  75X  of  theoretical 
density.  Although  higher  densities  are  easily  achievable,  this  density 


optimizes  "green"  strength  for  handling  and  Interconnected  porosity  for 
satisfactory  "out-gassing"  prto.'  to  hot  compaction  to  full  density.  If 
extraneous  moisture  and  gases  are  not  driven  off  prior  to  hot  compaction 
they  can  create  internal  porosity,  blistering  and  delamination  upon  sub¬ 
sequent  expansion  during  solution  heat  treatment.  The  next  procedure  Is 
encapsulation  of  the  "green"  compact  in  a  welded  aluminum  alloy  container 
of  adequate  hot  strength,  and  preheating,  at  as  high  a  temperature  as 
possible  short  of  eutectic  melting,  for  several  hours  while  maintaining 
a  dynamic  vacuum.  The  evacuation  tube  Is  then  sealed  off  and  the  hot 
compact  is  pressed  to  full  density  in  a  heated,  closed-end  ("blind") 
extrusion  die.  Following  an  air  cool  to  room  temperature  the  "canning" 
material  Is  removed  by  "scalping"  (machining).  Porosity  is  not  a  sig¬ 
nificant  factor  In  the  structure  of  A1  P/M  products  fabricated  In  this 
fashion  but  that  final  forging  is  certain  to  eliminate  It  even  if  it  were. 
Nevertheless,  density  Is  always  checked  using  the  constant  temperature 
water  bath  Archimedean  technique  (Reference  232).  The  prlnlcple,  though 
quite  simple.  Is  also  quite  valid.  If  equal  weights  of  P/M  and  I/M 
materials  displace  equal  volumes  of  water,  they  must  be  of  equal  density. 
All  of  the  procedures  outlined  here  were  actually  performed  at  the  Alcoa 
Technical  Center  outside  Pittsburgh,  PA.,  under  contract  with  the  Air 
Force  (References  233-235).  Additional  details  are  Included  in  Tables  2, 
3,  4,  and  5.  Besides  the  density  measurement,  both  P/M  forgings  and 
several  of  the  finish  machined  P/M  test  specimens  were  non-destructlvely 
tested  for  Internal  voids  by  radiographic  (X-ray)  methods.  No  porosity 
was  Indicated.  Mechanical  property  data  for  some  of  the  as-compacted 
P/M  billet  material  tested  under  the  aforementioned  contract  at  Alcoa  are 
also  given  In  Table  6. 

As  Is  standard  practice,  the  I/M  material  was  given  a  high 
temperature  treatment  (Table  7)  to  help  homogenize  the  solute  elements 
(Reference  236).  Homogenization  leads  to  more  efficient  utilization  of 
solute  elements;  particularly  copper,  which  Is  one  of  the  more  slowly 
diffusing  species,  and  leads  to  relatively  higher  strength  and  ductility 
after  subsequent  deformation  and  heat  treatments. 
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b.  Chemical  Analysis 

Aqueous  mixed  acids  dissolution  chemical  analysis  of  the  as- 
received  billet  materials  was  performed  In  accordance  with  standards 
established  here  at  the  Materials  Laboratory  (Reference  237).  However, 
the  oxide  In  P/M  material  Is  very  fine  and  so  standard  wet-filter  analysis 
methods  for  oxygen  can  yield  oxygen  content  results  up  to  100X  too  low. 
Therefore,  neutron  activation  analysis  for  oxygen  content  was  selected 
(References  238,  239).  Chemical  compositions  are  Indicated  In  Table  8. 

c.  Deformation  Processing 

Investigators  have  only  recently  found  that  approximately  85* 
reduction  In  height  of  7075  I/M  A1  warm-rolled  plate  results  In  maximum 
grain  refinement  (Reference  240).  Forging  Is  generally  accomplished  at 
a  relatively  warm  temperature  to  prevent  extensive  recrystal llzatlon  and 
grain  growth  as  well  as  to  reduce  the  flow  stress  of  the  material  and  so 
permit  higher  reductions.  A  forging  ratio,  defined  as  the  final  area 
divided  by  the  original  area,  of  about  2  or  3  to  1  Is  typically  recommended 
to  obtain  optimum  short  transverse  mechanical  properties  (Reference  241). 

A  ratio  of  height  to  base  of  the  forging  of  less  than  2  to  1  ensures  that 
even  with  "sticking"  friction  conditions,  no  buckling  Instability  could 
occur  (Reference  242).  These  few  guidelines  were  used  In  the  processing 
of  materials  for  the  present  work.  Additional  details  can  be  found  In 
Tables  9,  10  and  11  and  Figure  1. 

d.  Heat  Treatment 

After  forging,  an  additional  homogenizing  or  "solution"  heat 
treatment  was  accomplished  at  a  high  enough  temperature  and  for  a  long 
enough  time  to  redlssolve  precipitates  but  not  coarsen  grains  or  result 
In  an  Inordinately  slow  quench  rate  through  the  400  to  300°C  critical 
precipitation  range.  Below  300°C,  precipitation  Is  sufficiently  slow 
that  the  quench  rate  to  below  the  G.P.  zone  formation  temperature 
(approx.  100°C)  Is  unimportant.  Cooling  rates  depend  upon  both  the 
temperature  of  the  quenching  medium  and  the  heat  transfer  conditions  at 
the  Interface.  High  surface-to-volume  ratio  and  blackbody  ( non-ref lectlve) 
conditions  are  obviously  most  effective.  Cooling  rates  below  550°C/second 
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Time  to  Reach 
Hex.  Temp. 

7  hours 


Max.  Pressure 
620MPa 


TABLE  4 

P/M  CAN  EVACUATION  DATA 

Max.  Temp.  Time  8  Max.  Temp.  Vacuum 
521 °C  1  hour  10um  Hg. 

TABLE  5 

P/M  HOT  COMPACTION  DATA 

Time  g  Max.  Pressure 
1  minute 


TABLE  6 

T6  +  14  HR.  OVERAGE  RADIAL  P/M  BILLET  PROPERTIES 

U.T.S. 

75Ks1 


T.S.  f  El.  Hof  A  N.T.S/Y.S. 

66Ksi  12  22  1.27 


TABLE  7 

I/M  BILLET  PRACTICE 
Direct  Chill  Cast 

Homogenized  86O*870°F  for  B>10  hours 


TABLE  8 


CHEMICAL  ANALYSIS*,  WT.X 


Element 

CT-91  P/M 
(Experimental ) 

CT-91  P/M 
(Commercial ) 

7075  I/M 
(Commercial) 

Zn 

6.3 

6.4 

5.8 

Hg 

2.4 

2.4 

2.4 

Cu 

1.6 

1.6 

1.7 

Fe 

.06 

.06 

.16 

SI 

.06 

.06 

.10 

Mn 

.005 

.005 

.03 

Co 

— 

.35 

— 

Cr 

— . 

— 

.2 

T1 

.005 

.005 

.016 

B 

— 

_ 

.001 

0 

.337 

.288 

.009 

A1 

Bal. 

Bal. 

Bal. 

{  ♦ 

| 


N 
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TABLE  9 

FORCING  PROCEDURE 

Preheat  tool  steel  die  and  A1  blocks  at  700 °F  for  2  hours. 
Forge  at  3  Inches  per  minute  in  heated  chamber  at  700°F 
using  colloidal  graphite  lubricant. 

Cool  to  room  temperature. 

Trim  square  (I/M  blocks  -  between  upsets). 

Remove  flash  with  belt  grinder. 

350-400  tons  final  reduction  forging  load  required 


TABLE  10 

P/M  DIMENSION  SEQUENCE 

2  in.  x  3.5  in.*  x  3.5  in. 

70%  reduction  in  height 

6  in.  x  3.5  in.*  x  8  in. 

*  3.5  in.  *  width  of  channel  die. 


TABLE  11 

I/M  DIMENSION  SEQUENCE 

2  In.  x  3.5  In.  x  3.5  In. 

40%  reduction  In  height 

2.7  in.  x  2.1  in.  x  4.3  In. 

trim  square  trim  square  trim  square 

40%  reduction  in  height 


3.5  in.  x  2.7  in.  x  2.4  in. 

trim  to  3.2  In.  trim  square  trim  square 

>80%  reduction  In  height 

.6  in.  x  3.5  in.*  x  7  in. 


*  3.5  in.  -  width  of  channel  die. 
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for  7XXX  alloys  prevent  attainment  of  maximum  strengths  in  subsequent 
aging  heat  treatments.  Cooling  rates  above  105°C/second  are  necessary  to 
achieve  immunity  to  intergranular  corrosion  in  alloys  heat  treated  to  the 
maximum  strength  (T6)  condition.  Such  rates  are  not  achievable  in  thick 
sections  because  quench  rates  are  limited  principally  by  the  thermal 
conductivity  of  the  metal;  which  Is  essentially  uncontrollable.  For  this 
reason,  7XXX  alloys  are  not  generally  used  in  the  T6  "temper"  in  service 
environments  conducive  to  stress  corrosion.  Instead,  the  weaker,  overaged 
(T7)  temper  is  used  (References  243,  244).  For  7XXX  forgings  which  are 
subsequently  heat  treated  to  T6  condition,  quenching  in  80°C  rather  than 
1 0°C  water  results  in  a  slight  loss  in  strength  but  a  significant  gain  in 
toughness  and  resistance  to  stress  corrosion  cracking  (Reference  245). 
Quenching  in  80°C  water  can  be  considered  either  a  simulation  of  quench 
rates  for  the  interior  of  a  thicker  section  quenched  in  a  lower  temperature 
medium,  or  representative  of  commercial  quenching  practice  for  thinner, 
complex  sections  subject  to  severe  warpage  from  residual  stresses  induced 
by  cold  water  quenching  (Reference  246).  Quenching  in  80°C  water,  as 
was  done  for  the  materials  in  the  present  work,  is  known  to  result  in 
approximately  75%  lower  residual  stresses  than  can  be  induced  by  cold 
water  quenching  (References  247-249).  In  any  case,  the  quenching  method 
employed  for  the  present  work  can  be  considered  commercially  relevant. 

A  standard  "stress  relieving"  practice  is  to  plastically  compress 
forgings  by  1  to  3%  after  quenching  (Reference  250).  However,  it  was 
elected  not  to  do  this  in  the  interests  of  expediency  for  the  present 
work.  Instead,  the  flash  was  ground  off  the  forging  and  then  the  forgings 
were  merely  cut  into  small  bars  prior  to  solution  heat  treating  as  an 
additional  measure  to  minimize  the  effects  of  any  residual  stresses 
from  quenching. 

Unlike  2XXX  alloys,  which  can  arrive  at  maximum  strength  while 
remaining  at  room  temperature  within  a  single  day,  and  become  completely 
stable  after  only  four  days,  7XXX  alloys  cannot  be  used  in  the  so-called 
"naturally  aged"  condition,  but  must  Instead  be  "artificially  aged"  at  an 
elevated  temperature.  The  reason  for  this  difference  is  that  the 
nucleation  and/or  growth  kinetics  of  the  (MgZn)  zones  in  7XXX  alloys  are 
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more  sluggish  at  room  temperature  than  those  of  the  (CuAl)  zones  in  2XXX 
alloys.  This  fact  is  believed  to  be  the  cause  of  the  observed  smaller  G.P. 
zones  in  7XXX  alloys  and  their  resultant  greater  strength.  Unfortunately, 
yield  strength  Increases  much  more  slowly  than  ultimate  strength  with 
elevated  temperature  aging  and  so  ductility,  as  measured  by  percentage 
elongation  In  a  tensile  test,  decreases.  "Overaging"  to  lower  strength 
generally  does  not  recover  this  loss  (Reference  251).  Details  of  the 
heat  treatments  employed  in  the  present  work  are  given  in  Table  12. 

2.  METALLOGRAPHIC  AND  FRACTOGRAPHIC  CHARACTERIZATION 
a.  Optical  Microscopy 

The  optical  metal lographic  examination  procedures  observed  In  the 
present  work  were  as  follows: 

1.  Section  specimen  with  water-cooled  abrasive  cut-off  wheel. 

2.  Mount  with  heat/pressure  curing  plastic. 

3.  Grind  with  water  on  240,  320,  400  and  600  grit  SIC  or  emery 
papers  rinsing  clean  and  rotating  scratch  direction  90° 
between  each  grit  size. 

4.  Ultrasonlcally  clean  In  acetone, 

5.  Polish  with  oil  and  6  micron  diamond  paste  on  a  rotating  wheel 
covered  with  no  nap  nylon  cloth. 

6.  Wash  with  soap  and  water  and  ultrasonlcally  clean  In  acetone. 

7.  Final  polish  with  distilled  water  and  1  micron  magnesium 
oxide  powder  on  a  rotating  wheel  covered  with  medium  nap 
microcloth. 

8.  Rinse  with  tap  water  and  then  methanol  and  blow  dry  with  a 
light  blast  of  compressed  air. 

9.  Immerse  In  solution  of: 

a.  90ml  H20,  10ml  H^PO^  (80%)  at  50°C  for  four  minutes,  or 

b.  (Keller's  etchant)  95ml  H20,  2.5ml  HNO^  (cone.), 

1.5ml  HC1  (cone.),  1ml  HF  (cone.)  at  room  temperature 
for  ten  seconds. 

10.  Rinse  In  tap  water. 

11.  Neutralize  with  a  dilute  solution  of  bicarbonate  of  soda. 

12.  Rinse  with  tap  water  and  then  methanol  and  blow  dry  with  a 
light  blast  of  compressed  air. 
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Solution  Treat 
Quench 
Natural  Age 
Artificial  Age 
Overage 


TABLE  12 

HEAT  TREATMENT  PROCEDURES 

I/H  -  T6*  P/M  -  T7* 


880°F  -  lhr./l/2-1n. 
180°F  water 
5  days  at  room.  temp. 
250°F  -  24  hours 
None 


920° F  -  1  hr./l/2-1n. 
same 
same 
same 

325°F  -  14  hours 


♦Note:  forgings  were  cut  Into  3"  x  2/3"  x  2/3"  rectangular  specimen 

blanks  prior  to  heat  treatment  to  avoid  residual  stress  variations 
due  to  the  geometry  of  the  forging. 

♦♦To  simulate  quenching  of  larger/thicker  pieces. 


Solution  Treat 
Quench 
Natural  Age 
Artificial  Age 
Overage 


I/M  -  T73*** 


P/M  -  T6*»* 


880° F  -  1  hr./l/2-1n. 
180°F  water 
5  days  at  room  temp. 
250°F  -  24  hours 
325°F  -  10  hours 


920° F  -  1  hr./l/2-1n. 
same 
same 
same 

325°F  -  4  hours 


♦♦♦Note:  These  heat  treatments  were  evaluated  only  In  exfoliation 

corrosion  testing  of  forgings  cut  Into  3-1/2"  x  2-1/2"  x  1/2" 
rectangular  blanks  prior  to  heat  treatment. 


Etchant  a.  was  used  for  all  but  the  mlcrostructural  evaluation  of 
the  material  subjected  to  the  EXCO  (ASTM  Standard  Exfoliation  Corrosion) 
test.  This  solution  was  used  rather  than  the  more  standard  Keller's 
mixture  of  acids  (Etchant  b.)  because  of  Its  tendency  to  produce  a  more 
uniform  attack.  In  this  way,  subgrain  boundaries  (which  are  of  lower 
energy  and  mlsorlentatlon  than  primary  grain  boundaries;  Reference  252) 
could  be  clearly  delineated.  Etchant  b.  Is  a  standard  primary  grain 
boundary  etchant  for  aluminum  alloys. 
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All  optical  micrographs  were  produced  on  100  x  125mm  Polaroid 
ASA  55  film  and  obtained  with  an  Olympus  PME  metal lograph.  Optical 
fractographs  of  as-fabricated  specimens  were  similarly  produced  with  an 
Olympus  MP-4  microscope. 

b.  SEH  Microscopy 

Scanning  electron  microscopy  (SEM)  procedures  utilized  in  the 
present  work  were  as  follows: 

1.  A  layer  of  carbon  was  shadowed  onto  mounted  specimen  surfaces 
at  a  45°  angle  via  physical  vapor  deposition  after  polishing 
and  etching  to  simultaneously  prevent  charging  of  the  non- 
conductive  mounting  material  in  the  SEM  and  permit  accurate 
electron  dispersive  X-ray  analysis  (EDAX)  of  material 
chemistry. 

2.  A  .02um  coating  of  gold-palladium  was  sputtered  on  the 
surface  at  a  90°  angle  after  repolishing  and  re-etching  to 
simultaneously  prevent  charging  on  the  non-conductive 
mounting  material  in  the  SEM  and  enhance  the  resolution 
capability  of  the  features.  Sputtering  of  Au-Pd  affords 
greater  control  of  coating  thickness  but  could  interfere 
with  accurate  chemical  analysis  with  EDAX. 

All  SEM  fractography  was  performed  on  the  as-fractured  surface. 
Fractured  specimens  halves  were  preserved  by  storage  in  an  evacuated 
desiccator  until  examination.  All  SEM  micro-  and  fractographs  were 
produced  on  100  x  125mn  Polaroid  ASA  55  film  and  obtained  with  an  ETEC 
(Perkin-Elmer)  Autoscan  with  KEVEX  attachment.  EDAX  display  photos  were 
produced  on  75  x  100mm  Polaroid  Polacolor  2  type  108  film  and  obtained 
with  a  hooded  Polaroid  75  x  100mm  land  camera. 

c.  TEM  Microscopy 

Transmission  electron  microscopy  (TEM)  procedures  utilized  In 
the  present  work  were  as  follows: 

1.  Section  a  2.5mm  thick,  approximately  10mm  square  specimen 
with  a  low  deformation  diamond  saw  cut  on  both  sides  (throw 
the  first,  outer,  slice  away). 
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2.  Gently  remove  the  oil  and  dirt  with  soap  and  water  and  dab 
dry. 

3.  Wrap  index  finger  with  double  side  sticky  adhesive  tape. 

4.  Stick  specimen  to  the  tape. 

5.  Thin  to  1.25mm  by  gently  grinding  both  sides  alternately 
with  240,  400  and  600  grit  SIC  or  emery  papers,  rotating  the 
scratch  direction  90°  between  each  grit  size  to  ensure  all 
scratches  from  the  preceding  grit  are  removed. 

6.  Rinse  clean  in  acetone  and  gently  wipe  dry  with  soft  cloth 
or  facial  tissue  to  ensure  adhesive  from  tape  and  grit  from 
grinding  papers  are  removed. 

7.  Ultrasonlcally  clean  In  acetone. 

8.  Stamp  out  3mm  diameter  discs  with  "cookie  cutter"  designed 
for  this  purpose  (not  shown). 

9.  Perforate  by  means  of  twin  jet  electropolishing  in  bath  of 
20%  HNOj  (cone.)  and  80%  methanol  at  -40°C,  25  volts,  50 
mllliamps  (fiber  optics  detect  perforation  and  sound  alarm 
In  Flsslone  and  Struers  models).  Time  to  perforate  should 
be  1  to  5  minutes. 

10.  Rinse  In  pure  ethanol. 

11.  Store  In  mechanical  pump  or  diffusion  pump  evacuated 
desiccating  chamber  until  ready  to  examine  In  TEH. 

All  TEM  micrographs  were  produced  on  75  x  100mm  Kodak  glass 
plates  and  printed  on  Kodak  paper.  The  micrographs  were  obtained  with  a 
JE0L  200KV  microscope  with  no  goniometer  stage.  Additional  qualitative 
and  quantitative  determination  of  particles  observed  in  the  foils  was 
obtained  through  examination  In  an  ETEC  Microprobe. 

3.  MECHANICAL  BEHAVIOR  EVALUATIONS 
a.  Monotonic  Tension  Testing 

Monotonic  tension  testing  was  performed  In  accordance  with 
ASTM  E8-69  on  an  Instron  mechanical  screw  machine  with  a  4,540Kg.  load 
cell  (Reference  253).  Standard  2/3cm  diameter,  7-l/2cm  long  smooth, 
round,  threaded  specimens  were  machined  from  forgings  as  schematically 
Illustrated  In  Figure  2,  and  tested  In  the  as-machined  condition.  A 
crosshead  speed  of  .127cm/m1n.  and  a  12.7cm/m1n.  chart  speed  afforded 
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minimal  load  train  lag  and  therefore,  reasonable  approximation  of 
percentage  elongation  without  the  aid  of  an  extensometer.  This  fact  had 
been  verified  earlier  by  comparing  measurements  (made  from  circumfer¬ 
entially  razor  scribed  gage  marks  highlighted  with  blue  toolmaker's  ink 
created  by  a  special  jig  fixture  mountable  on  the  tool  position  of  a 
horizontal  lathe,  not  shown)  before  and  after  testing  with  the  aid  of  a 
Gaertner  toolmaker's  microscope.  Percentage  elongation  of  a  gage  section, 
however.  Is  not  a  very  accurate  nor  meaningful  engineering  property. 

A  better  measure  of  material  ductility  is  obtainable  from  measurement  of 
reduction  in  cross-sectional  area  ("necking")  and  this  also  was  accom¬ 
plished.  Sample  calculations  are  presented  In  Appendix  A  (References 
254-256). 


b.  Toughness  Testing 

Charpy  Impact  testing,  although  quite  useful  for  the  evaluation 
of  toughness  In  steels,  is  insensitive  and  overly  conservative  for  the 
evaluation  of  aluminum  alloys  (References  257-259).  Slow-bend,  fatigue 
pre-cracked,  Charpy  testing  can  reveal  differences  obscured  by  Impact 
testing  without  the  need  to  resort  to  costly  and  time-consuming  "compact 
tension  specimen"  (CTS)  Kj^  ("plane  strain"  opening  mode  (I),  "critical" 
(C)  stress  Intensity)  toughness  testing.  Slow-bend  Charpy  testing  is  per 
formed  with  less  technical  difficulty  and  less  money  than  electronically 
Instrumented,  "sensitized"  impact  testing  (Reference  260).  In  fact,  all 
other  tests  are  currently  less  recommended  for  rapid.  Inexpensive  tough¬ 
ness  measurement  (Reference  26V). 

Slow,  3-polnt  bend,  fatigue  pre-cracked,  Charpy  toughness  test¬ 
ing  was  performed  In  accordance  with  ASTM  £399-78  on  a  closed-loop 
electroservohydraullc  Mechanical  Test  Systems  (MTS)  machine  (Reference 
262).  Standard  1cm  square,  5-1/2cm  long  rectangular  specimens  were 
machined  from  forgings  as  schematically  Illustrated  in  Figure  2.  Razor 
scratching  of  the  notches  prior  to  pre-cracking  is  generally  considered 
acceptable  for  soft,  low  strain  hardening  materials  and  so  was  performed 
in  order  to  aid  crack  Initiation  (Reference  263).  Specimens  were  then 
ground  through  240,  320,  400  and  600  grit  SIC  or  emery  papers,  rinsing 
clean  with  tap  water  and  rotating  scratch  direction  90°  at  each  step. 
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The  final  scratch  orientation  was  perpendicular  to  the  crack  growth 
direction  to  enable  easy  subsequent  observation  and  measurement  of  pre¬ 
crack  length.  Specimens  were  ultrasonically  cleaned  in  acetone  to  remove 
any  debris  remaining  In  the  notches  that  might  subsequently  be  confused 
with  fracture  debris.  Specimen  widths  and  thicknesses  were  measured  using 
a  Gaertner  toolmaker's  microscope  to  an  accuracy  of  three  decimal  places. 

For  slow-bend  Charpy  toughness  testing,  specimens  are  pre-cracked 
by  fatigue  loading  to  develop  the  sharpest  possible  crack.  Slow  pre¬ 
crack  growth  can  cause  uneven  crack  front  growth  problems  and  great  care 
must  be  taken  In  this  regard.  ASTM  E399  requires  that  crack  front 
variation  be  no  greater  than  52. 

Since  pre-crack  starting  at  .4Kj£  <  K  <  .91^  is  recommended 
for  aluminum  alloys  (K  Is  the  stress  intensity  In  MPa^  and  is  the 
"critical"  mode  1  or  "opening"  mode  stress  Intensity),  all  pre-cracks  were 
started  safely  within  this  range  (References  264,  265).  A  frequency  of 
30Hz  was  selected.  For  the  toughness  test  Itself,  a  crosshead  rate  of 
1.27cm/min.  and  a  ram  travel  of  .4cm  were  selected  so  as  to  break  but 
leave  specimen  half  shear  lips  connected  and  preserve  the  fracture  surfaces. 
A  Datronics  linear  variable  differential  transducer  (LVDT)  and  a  Hewlett- 
Packard  X-Y  recorder  were  used  to  accurately  acquire  load  and  displace¬ 
ment  data.  See  Figures  3  and  4. 

Note  that  elastic  modulus  (E)  cannot  be  accurately  calculated 
In  a  tension  test  without  the  use  of  an  extensometer  because  of  the  load 
train  effects.  However,  E  Is  known  not  to  vary  significantly  for  the 
alloys  of  any  element.  For  7XXX  aluminum  alloys,  E  Is  approximately 
71500  MPa.  E  can  be  checked  to  an  accuracy  within  52  from  the  load 
deflection  curve  produced  with  an  LVDT  and  X-Y  recorder  of  a  slow-bend 
Charpy  toughness  test  (Reference  266).  Sample  calculations  are  presented 
In  Appendix  B. 
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Figure  3.  MTS  Toughness  Test  Apparatus  Showing  Datronlc  LVDT  Amplifier 
and  Hewlett-Packard  X-Y  Recorder  (Center  Right). 

Dial  Gage  Used  to  Determine  Ram  Travel  Required  for  Specimen 
Fracture  Without  Complete  Separation  of  Halves  Obscured  by 
Left  Column  of  MTS  Frame. 
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Figure  4.  Close-Up  of  Slow-Bend  Toughness  Jig  with  LVDT  Piston  (to  the 
Left  of  the  Fracturing  Ram)  for  Acquiring  Precise  Displacement 
Data. 
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c.  Fatigue  Testing 

Constant  amplitude,  notched  axial  tension-tension  fatigue  testing 
was  performed  In  accordance  with  E466-72T  on  a  Russenberger-Muller  reso¬ 
nance  machine  (Reference  267).  See  Figures  5  and  6.  Specimens  were 
machined  from  forgings  as  schematically  Illustrated  In  Figure  2,  to  the 
dimensions  Indicated  In  Figure  7.  A  K^3  was  selected  for  the  present 
work  because  of  the  wealth  of  comparable  data  In  the  literature,  repro¬ 
ducibility  of  specimens,  and  Its  widespread  engineering  use  as  a  practical 
design  criterion;  e.g.,  a  round  hole  (References  268-273).  The  specimen 
geometry  was  designed  to  afford  such  a  value  based  on  the  calculations  of 
Peterson  (Reference  274). 

Ultrasonic  degreasing  In  acetone  both  preceded  and  followed  notch 
polishing  with  lapping  oil  and  600  grit  SIC  or  emery  paper.  Specimens 
were  held  In  a  slowly  rotating  lathe  chuck  for  this  procedure.  Following 
this,  electropollshlng  was  accomplished  at  40-45  volts  and  7-9  amps  In  a 
solution  of  50  parts  methanol,  30  parts  ethylene  glycol  monobutyl  ether 
(butyl  cellosolve)  and  4  parts  HC10^  (60*)  with  the  bath  temperature 
maintained  between  0  and  10°C  for  10  to  30  seconds.  After  electropollshlng, 
specimens  were  rinsed  with  tap  water  and  then  methanol  and  blown  dry.  If 
examination  at  10X  magnification  revealed  residual  scratches  or  pitting, 
specimens  were  reground  with  400  and  600  grit  SIC  or  emery  papers  and 
re-electropoll  shed.  Untested  specimens  were  stored  with  broken  specimens 
In  an  evacuated  desiccator  until  ready  to  test. 

It  Is  generally  recognized  that  fatigue  behavior  Is  relatively 
Insensitive  to  both  frequency  and  waveform  (Reference  275).  An  R-ratlo 
(minimum  divided  by  maximum  load)  of  .1  and  a  frequency  of  approximately 
105Hz  were  selected  to  afford  rapid  testing  with  no  damage  to  fracto- 
graphlc  features.  The  sensitive  solid  state  electronics  of  the  "RUMUt" 
machine  are  capable  of  detecting  load  drops  as  small  as  2Kgs.  (approx, 

INPa).  When  such  a  load  drop  occurs,  the  machine  Is  designed  to  stop 
cycling  automatically  and  hold  the  mean  tensile  load  until  manually 
restarted.  Some  tests  were  permitted  to  be  Interrupted  In  this  fashion 
for  up  to  48  hours  before  being  restarted,  while  others  were  restarted 
Immediately  upon  automatic  shutdown.  Still  other  tests  were  performed  In 
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Figure  5.  Russenberger-Muller  (RUMUL)  Resonance  Fatigue  Testing  Machine. 
Vertical  Allen  Wrench  Locks  and  Unlocks  Vibrating  Platform. 
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Figure  6 


Close-Up  of  Notched  Fatigue  Specimen  Threaded  Into  Grips. 
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Figure  7.  Notched  Fatigue  Specimen  Drawing,  Scale  Approximately  1:1 
All  Dimensions  In  Inches. 
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the  manual  override  mode  so  that  no  interruption  of  the  testing  was 
permitted  to  occur  even  after  the  initial  load  drop.  None  of  these 
variables  seemed  to  influence  the  outcome  of  the  testing  in  any  way. 

Even  if  a  crack  tip  were  blunted  by  a  dwell  at  the  mean  load,  the  effect 
would  be  nullified  by  the  return  to  maximum  load  upon  restarting  the  test. 

As  the  intent  of  the  present  work  was  not  principally  an 
assessment  of  such  environmental  factors  as  industrial  pollution,  "acid 
rain"  and  so  forth,  on  the  mechanical  behavior  of  these  alloys,  the  test 
environment  selected  at  least  represents  a  simple  and  reproducible 
condition.  For  all  of  the  aforementioned  reasons,  then,  constant  ampli¬ 
tude,  notched,  axial,  HCF  in  room  temperature  laboratory  air  at  105Hz 
in  a  machine  which  operates  on  the  principle  of  resonant  vibration,  and 
an  R-ratio  of  .1  were  selected  as  the  testing  conditions  for  the  present 
work.  Because  the  fatigue  strength  of  aluminum  alloys  does  not  change 
very  rapidly  after  about  10  million  ( 1 07 )  cycles  (although  apparently 
continues  to  decrease  at  least  up  to  500  million  cycles  (Reference  276)), 
tests  were  generally  terminated  at  l(r  cycles  if  no  failure  occurred  by 
then  simply  in  the  interests  of  time. 

4.  STATISTICAL  EVALUATION  OF  FATIGUE  DATA 

That  fatigue  is  probabilistic  has  long  been  a  recognized  fact. 
However,  in  this  Investigation,  it  was  felt  that  an  estimate  of  the  entire 
"S-N"  (stress  vs.  log  cycles  to  failure)  curve  in  the  low  amplitude 
loading  range  (failure  at  greater  than  10^  cycles)  was  more  important 
than  establishing  any  statistically  significant  data  such  as  fatigue 
strength  at  a  given  life.  Therefore,  it  was  decided  to  use  the  so-called 
"standard"  fatigue  test  method.  In  this  approach,  several  tests  at  each 
of  several  stress  levels  are  run  to  simply  "sketch-out"  a  rough  "Wohler" 
or  S-N  curve.  A  "conservative"  curve  was  then  drawn  below  the  data 
which  is  meant  to  suggest  a  trend  in  fatigue  behavior.  Maennlg  suggests 
using  a  factor  of  .2  to  Increase  the  width  of  the  "scatterband"  in 
laboratory  specimen  testing  and  a  factor  of  .6  In  full-scale  complex 
component  testing.  Therefore,  in  the  range  of  testing  performed  in 
this  study  (approx.  70MPa),  a  7MPa  Increase  to  the  top  and  bottom  of  the 
bands  is  indicated.  Such  an  approach  is  valuable  for  qualitative 
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evaluation.  The  primary  Interest  of  this  work  was  concentrated  at  the 
high  cycle  fatigue  (HCF)  or  "long-life"  end  of  the  fatigue  life  spectrum 
(S-N  graph).  It  must  be  noted  that  a  statistically  significant  analysis 
of  fatigue  behavior  would  have  required  approximately  nineteen  specimens 
per  material  condition  per  stress  level.  It  Is  known  that  HCF  distri¬ 
butions  are  not  log  normal  because  of  the  existence  of  specimens  that  do 
not  fall  ("runouts")  and  so  the  practice  of  establishing  truly  significant 
HCF  data  Is  neither  economically  reasonable  nor  practical. 

Similarly,  the  "Quantal  Response"  (or  “Survival"  or  "Mortality"  or 
"All-or-Nothlng"  or  "Probit")  method,  although  superior  to  the  constant 
stress  level  method  described  above  in  defining  fatigue  strength  at  a 
given  life,  was  not  used  because  of  Insufficient  time  and  numbers  of 
specimens  available  for  testing. 

This  Is  unfortunate  In  that  such  analysis  is  very  useful  In  defining 
the  distribution.  Several  other  methods  were  also  not  considered 
because  of  their  requirement  to  use  more  than  one  stress  per  specimen  to 
ensure  failure.  Such  an  approach  Is  questionable  If  strain  hardening 
or  softening  can  occur.  The  "Wei bull"  distribution  analysis  was  not  used 
because  it  was  felt  that  It  would  offer  little  additional  Insight  Into 
the  data  beyond  that  already  provided  by  the  "Staircase"  and  "Boundary" 
statistical  treatments  described  In  Appendix  C  (References  277-285). 

5.  CORROSION  BEHAVIOR  ASSESSMENT 
a.  Hardness  Testing 

Hardness,  being  a  measure  of  the  extent  of  precipitation  In 
aluminum  alloys,  is  often  determined  In  lieu  of  or  In  conjunction  with 
other  corrosion  susceptibility  evaluations. 

Rockwell  B  hardness  testing  was  performed  in  accordance  with 
ASTM  Standard  E18-74  (Reference  286).  Specimens  were  ground  with  water 
on  180  grit  SIC  or  emery  paper,  rinsed  with  tap  water  and  blown  dry. 
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b.  Electrical  Conductivity  Testing 

Electrical  conductivity,  like  hardness.  Is  also  a  measure  of  the 
extent  of  precipitation  and  Is  often  similarly  employed  In  corrosion 
susceptibility  evaluations. 

Electrical  conductivity  testing  was  performed  In  accordance  with 
ASTM  B342-63  (Reference  287).  Specimens  were  ground  with  water  on  180 
grit  SIC  or  emery  paper,  rinsed  with  tap  water  and  blown  dry. 

c.  Exfoliation  Corrosion  Testing 

Exfoliation  corrosion  testing  was  performed  In  accordance  with 
ASTM  G34-72  on  different  combinations  of  alloy  chemistry  and  heat  treat¬ 
ment  (Reference  288).  See  Tables  8  and  12.  Specimens  were  diagonally 
machined  from  forgings  to  provide  greater  "end  grain"  exposure,  ground 
with  water  on  180  grit  SiC  or  emery  paper,  rinsed  with  tap  water  and 
blown  dry.  Specimens  were  suspended  from  nylon  fishing  line  In  a  4 
Molar  NaCl ,  .5  Molar  KNO^,  .1  Molar  HNOj  aqueous  (distilled  water) 
solution  for  48  hours.  Optical  photographs  of  the  test  were  taken  at 
the  one  hour  point  and  again  at  the  six  hour  point  after  Immersion. 

After  48  hours,  specimens  were  rinsed  with  tap  water  and  allowed  to  air 
dry.  They  were  then  Immersed  in  concentrated  HN03  for  30  minutes,  rinsed 
with  tap  water  and  again  left  to  air  dry.  Photographs  of  the  flat  and 
diagonally  machined  sides  were  then  obtained.  Weight  loss  Is  an  unreliable 
criterion  in  the  evaluation  of  exfoliation  corrosion  and  was  not  measured 
(Reference  289).  Instead,  microscopic  evaluations  of  the  areas  subject  to 
what  appeared  to  be  the  most  severe  attack  were  sectioned,  mounted  and 
metal lographically  examined. 
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SECTION  IV 

RESULTS  AND  DISCUSSION 


1 .  MICROSTRUCTURE 

Optical  micrographs  of  as-cast  Ingot  and  as-compacted  billet  materials 
are  presented  in  Figures  8  and  9.  Three-dimensional  optical  micrographs 
of  both  as-forged  and  fully  heat  treated  conditions  are  compared  in 
Figures  10,  11,  12  and  13.  The  gross  difference  in  grain  size  Is  readily 
apparent  in  all  of  these  photographs.  Heat  treated  I/M  grain  size  Is 
approximately  500  x  300  x  75ym  in  L,  LT  and  ST  directions  respectively. 

Heat  treated  P/M  grain  size  is  approximately  60  x  35  x  lOym  in  L,  LT 
and  ST  directions  respectively  or  roughly  an  order  of  magnitude  smaller. 
These  grain  dimensions  are  typical  for  both  materials  (References  290, 

291).  In  the  as-compacted  P/M  billet  material,  prior  powder  particle 
boundaries  are  conspicuous  by  their  equiaxed  shape.  Comparing  forged 
with  as-compacted  conditions  especially  In  the  ST  direction  (Figures  9 
and  11)  show  pronounced  elongation  and  a  partially  recrystallized 
structure.  A  greater  degree  of  recrystallization  seems  to  be  present  in 
the  I/M  material  than  in  the  P/M  material.  Dynamic  recovery  is  the  sole 
softening  mechanism  in  metals  where  climb  and  cross-slip  of  dislocations 
are  relatively  easy.  As  a  result,  mlsorientation  of  sub-boundaries  is 
maintained  sufficiently  low  (on  the  order  of  1°)  so  that  they  never 
become  capable  of  migrating  as  grain  boundaries  of  recrystallization 
nuclei.  This  process  occurs  in  metals  of  high  stacking  fault  energy  (SFE) 
(References  292-294).  Note  that  no  stacking  faults  (generally  indicative 
of  low  SFE,  planar-slip  type  materials)  were  observed  In  any  of  the  foils 
of  the  present  work.  This  result  Is  of  course  consistent  with  historical 
observations  of  precipitation-strengthened  aluminum  alloys  (References 
295,  296). 

Because  of  the  equivalence  In  stacking  fault  energy  fbr  any 
aluminum  alloy,  the  subgrain  sizes  of  P/M  and  I/M  materials  are  equivalent 
and  approximately  1  to  3ym  as  can  be  seen  In  optical  micrographs  in 
Figure  13,  scanning  electron  micrographs  in  Figures  14  and  15  and  trans¬ 
mission  electron  micrographs  In  Figures  16  and  17  (Reference  297). 
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Three-Dimensional  Optical  Micrographs  of  As-Forged  P/M  (Upper) 
and  I/M  (Lower)  Materials. 
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Figure  11.  Higher  Magnification  Three-Dimensional  Optical  Micrographs  of 
As-Forged  P/M  (Upper)  and  I/M  (Lower)  Materials. 
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Three-Dimensional  Optical  Micrographs  of  Fully  Heat  Treated 
P/M  (Upper)  and  I/M  (Lower)  Materials. 
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Figure  13 


.  Higher  Magnification  Three-Dimensional  Optical  Micrographs  of 
Fully  Heat  Treated  P/M  (Upper)  and  I/M  (Lower)  Materials. 
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Figure  16.  TEM  Micrographs  of  Fully  Heat  Treated  Longitudinal  Sections 
of  I/M  (Left)  and  P/M  (Right)  Materials. 


AFWAL-TR-81 -4068  j 

j 

* 

I  , 

j  ; 

I 


Figure  17.  TEM  Micrographs  of  Fully  Heat  Treated  Long-Transverse  Sections 
of  I/M  (Left)  and  P/M  (Right)  Materials. 
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Recrystall ization  in  7075  I/M  alloy  is  inhibited  by  the  presence  of 
chromium.  This  fact  is  confirmed  by  noting  that  the  recrystal  1 ized 
regions  (subgrains  not  present)  contained  less  chromium  than  the  un- 
recrystall ized  regions  (subgrains  present).  See  Figures  14,  15  and  18. 

In  contrast,  the  trapped  oxides  in  the  P/M  materials  nearly  preclude 
recrystallization  and  grain  growth  (Reference  298).  In  fact,  it  is 
primarily  pre-recrystallization  recovery  of  subgrain  boundaries  that 
occurs  In  the  P/M  materials.  Evidence  to  this  effect  can  be  seen  in 
Figures  16  and  17.  It  may  also  be  noted  that  the  “recrystall ized" 
regions  contained  less  cobalt  than  the  “unrecrystal  11  zed"  regions.  See 
Figures  14,  15,  and  18.  The  walls  of  the  subgrains  apparent  in  Figures 
16  and  17  were  probably  formed  by  the  combination  of  “climb"  and  glide 
of  edge  dislocations  (“polygonization")  as  well  as  screw  dislocation 
twist  boundary  formation.  These  boundaries  were  observed  to  go  in  and 
out  of  contrast  during  tilting  (a  confirmation  that  they  were  not  primary 
grain  boundaries).  The  multiple  boundaries  around  some  of  the  subgrains 
in  Figures  16,  17  and  19  were  probably  “bend  extinction  contours"  from 
bending  of  the  foil,  because  these  were  observed  to  sweep  across  the 
field  of  view  with  tilting.  The  smaller,  discontinuous  lines  associated 
with  some  of  the  precipitate  particles  in  this  figure  were  probably  dis¬ 
location  lines.  In  Figure  20,  it  can  be  observed  that  such  lines  may 
have  served  as  the  sites  for  heterogeneous  nucleation  of  n*  precipitates 
on  either  side  of  the  large  rounded  constituent  particle  (References  299, 
300). 

With  optical  microscopy,  it  is  possible  to  observe  (CuAl^FeAl^, 
FeAl^,  CuAl^  and  even  Mg^Si  (in  proportion  to  the  presence  of  Si  in  the 
alloy;  which  is  quite  small).  Of  these  phases  Mg2Si  is  the  darkest, 
followed  by  (CuAl^-FeAl^,  FeAl^  and  CuA12  (see  Figures  8,  9,  10,  11,  12 
and  13)  (Reference  301).  SEM  examination  offers  not  only  higher 
magnification  with  resolution  but  also  energy  dispersive  X-ray  analysis 
capability.  EDAX  analysis  verified  that  with  optical  microscopy.  Si- 
containing  compounds  are  darkest.  However,  the  order  reverses  for 
( CuAI 2 ) 2peAl 3  an<i  CuA12  the  former  showing  brightest.  For  the  P/M 
material,  except  in  the  as-compacted  condition,  no  compounds  large 
enough  to  evaluate  chemistry  could  be  found.  And  for  the  as-compacted 
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materials,  only  tiny  CuA12  and  Co2Alg  constituents  were  detectable  (see 
Figures  8,  21,  and  22).  The  reason  why  no  Mg  or  Zn  containing  phases 
were  found  for  either  material  is  probably  due  to  the  fact  that  they 
have  greater  solubility,  and  the  phases  that  are  formed  tend  to  be  very 
small  and  homogeneously  distributed  within  grains  and  grain  boundaries 
alike.  The  presence  of  what  seemed  to  be  elemental  SI  (Figure  23)  may 
have  been  merely  the  result  of  SIC  polishing  grit  since  gases  and  solid 
elements  of  lower  atomic  weight  than  sodium  cannot  be  detected  with  energy 
dispersive  X-ray  analysis. 

Figure  24  presents  representative  transmission  electron  micrographs 
of  the  I/M  and  P/M  materials  at  their  Initial  stages  of  processing.  For 
the  sake  of  expediency  and  because  the  TEM  had  no  goniometer  stage  (making 
selected  area  electron  diffraction  (SAED)  extremely  tedious),  no  attempt 
was  made  to  identify  the  small  particles  present  by  means  of  diffraction 
spot  patterns.  Hence,  all  "identification"  of  phases  in  the  present  work 
is  by  comparison  with  the  literature.  In  the  as-cast  I/M  and  as-compacted 
P/M  materials,  irregular  or  blocky  shapes  on  the  order  of  1pm  or  larger 
were  probably  (CuAl2)2Fe  Alg,  CuA12,  FeAlg,  a  Al-Fe-SI  or  Mg2Si  constit¬ 
uents.  In  the  fully  heat  treated  I/M  materials  (Figures  16,  17  and  19), 
the  fairly  uniform  distribution  of  dark  (high  density),  .1  to  .3pm,  low 
aspect  ratio.  Irregularly  shaped  particles  was  probably  the  Al^g  MggCr2 
dispersion.  This  is  strongly  suggested  by  their  conspicuously  complete 
absence  in  the  P/M  material.  It  is  surmised  (based  on  the  TEM  photo¬ 
micrographs  in  the  literature)  that  the  light  and  dark  .02  to  2pm  needles, 
plates,  rods  and  rectangles,  generally  present  through  all  of  the  various 
stages  of  processing  In  both  P/M  and  I/M  materials,  were  probably  the 
Incoherent  MgZn2  n-phase.  Similarly,  the  lighter  .002  to  .5pm  spheres 
and  discs  were  probably  the  semi-coherent  MgZn2  n' -phase.  These  two 
phases  were  probably  the  grain  and  subgrain  boundary  phases  in  most  cases. 
The  darker  .02  to  .3pm  spheres  present  only  In  the  P/M  material  were 
probably  the  Co2Alg  dispersoids.  Furthermore,  the  randomly  distributed, 
lightly  shaded,  irregular  patches  In  the  P/M  material  probably  contained 
extremely  fine  oxide  particles  (References  302,  303).  Even  finer  than 
these  however,  were  the  unresol vable  coherent  (MgZn)  G.P.  zones  believed 
to  be  of  a  size  less  than  .002pm  and  spherical  or  disc-like  in  shape. 
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The  uniform  “salt  and  pepper"  appearance  within  the  grains  is  due  to  n' 
and  not  G.P.  zones  (References  304-323).  The  white  areas  in  Figures  16, 

17,  19,  20  and  24  that  appear  to  be  holes  created  by  the  removal  of  a 
particle,  were  exactly  that  as  was  later  verified  by  electron  microprobe 
analysis  (ENPA).  Within  or  near  the  edge  of  the  rod-shaped  voids  in 
Figure  24,  there  generally  remains  a  much  smaller.  Irregular,  spherical  or 
disc-shaped  particle.  This  is  suggestive  of  heterogeneous  nucleation  of 
incoherent  n-phase  either  on  E  or  n'  phases,  which  had  been  previously 
concluded  by  other  investigators  (Reference  324).  Since  this  occurs  in 
both  I/M  and  P/M  materials,  it  obviously  does  not  require  Cr-dlspersoid 
particles  which  are  present  only  In  the  I/M  alloy.  Other  researchers 
have  concluded  that  nucleation  of  n-phase  does  Indeed  occur  on  Cr- 
dispersoids  but  only  if  they  are  situated  In  a  certain  crystallographic 
orientation  (Reference  325).  This  Is  obvious  since  only  a  small  percentage 
of  Cr-dispersoids  nucleate  n-phase. 

Tentative  identification  of  the  largest  precipitates  was  confirmed 
by  EMPA  of  these  foils  (see  Figure  25).  The  large,  gray,  irregularly- 
shaped  particle  in  the  left-hand  micrograph  (as-cast  I/M)  was  determined 
by  quantitative  wavelength  dispersive  X-ray  analysis  to  be  (Fe  ^Cu  jJAl^. 
The  little  round,  white  balls  were  determined  by  a  60  minute  "X-ray  map" 
(not  shown)  to  be  Si,  probably  from  the  glass  container  used  in  the 
electropolishing  of  the  foils.  The  large,  white.  Irregularly-shaped 
particle  (partially  removed  by  etching)  in  the  right-hand  photograph 
(as-forged  I/M)  was  (Cu.ZnjA^,  again  as  determined  by  a  60  minute 
"X-ray  map"  (not  shown).  The  small,  white  rod-shaped  precipitates  were 
indeed  MgZn2  and  the  larger,  black  rod-shaped  voids  probably  contained 
MgZn^  precipitates.  Several  very  small  (approx.  .25|im),  round  white 
balls  (not  shown)  turned  out  to  be  Co2A1g  dlspersoids  as  expected.  As 
with  the  previous  SEM  investigation,  no  other  particles  large  enough  to 
analyze  could  be  found  in  the  P/M  foils. 
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2.  .  MECHANICAL  PROPERTIES 

a.  Strength  and  Ductility 

The  results  obtained  from  tensile  testing  are  presented  in 
Table  13.  Values  agree  well  with  other  published  data  for  these  materials 
(References  326-332).  In  fact,  some  of  the  very  same  material  used  for 
the  present  work  and  similarly  processed  and  tested  under  contract  for 
the  Air  Force  at  Alcoa  produced  very  similar  properties  (Reference  333). 
The  static  strength  achieved  for  7075-T6,  used  in  the  present  work  as 
control  material,  suggests  that  a  maximum  amount  of  Cu  was  dissolved  in 
the  matrix  (Reference  334).  This  result  is  indicative  of  an  optimum 
solution  heat  treatment  for  the  ingot  material.  Note  that  alloying 
element  homogenization  is  never  totally  effective  in  I/M  materials, 
however,  and  so  2XXX  and  7XXX  I/M  alloys  are  not  used  in  the  un-wrought 
condition.  Again,  this  is  not  a  concern  with  P/M  materials  for  which  the 
ductility  and  reduction  in  area  measurements  are  more  sensitive  to  their 
only  possible  segregation.  That  is,  the  high  values  obtained  in  these 
properties  for  the  P/M  material,  suggest  that  the  grain  boundary  oxide 
was  adequately  dispersed  during  forging. 

It  should  be  noted  that  the  yield  and  ultimate  strengths  of  the 
ingot  material  were  only  slightly  higher  than  those  of  the  powder 
metallurgy  material  in  the  longitudinal  orientation.  The  long  transverse 
orientation  properties  of  the  I/M  and  P/M  materials  were  even  closer. 

Such  results  provide  the  desired  opportunity  for  a  fair  comparison  of 
the  other  properties  of  these  materials. 

b.  Toughness 

Toughness  testing  values  obtained  in  the  present  work  agree  very 
well  with  valid  tests  performed  on  these  materials  and  published  in 
the  literature  (References  335-338).  Both  "W/A"  and  "Secant"  methods 
have  been  employed  in  the  analysis  of  the  data  generated  In  the  present 
work  and  these  are  compared  in  Table  14.  A  comparison  between  "valid" 
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TABLE  13 
TENSILE*  DATA 


Material 

U.T.S.  (MPa)Y.S. 

XE1. 

%R  of  A 

I/M-L 

572 

503 

13 

18 

I/M-LT 

517 

462 

13 

13 

P/M-L 

543 

476 

14 

32 

P/M-LT 

510 

468 

13 

21 

(average  of  two 

*  ASTM  E8-69 

TABLE  14 

TOUGHNESS*  DATA 

Material 

(MPa) 

Modulus  (E) 

Kg  Toughness  (MPa>^m) 

Secant  Method  U/A  Method 

I/M-LT 

73000 

32 

32 

I/M-TL 

70000 

26 

25 

P/M-LT 

71000 

30 

34 

P/M-TL 

69000 

24 

21 

(average  of  two  tests) 


*  ASTM  E399-78 
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Kj^  CTS  vs*  "valid"  slow-bend,  pre-cracked  Charpy  data  for  7075-17351  A1 
alloy  indicated  good  correlation  (within  +  20%)  for  ratios  of  toughness  t  > 
yield  strength  up  to  1/m  (Reference  339).  For  "valid"  testing,  ASTM 
Standard  E399  (Reference  340)  requires: 


a,  B  >  2.5  (KJC  ) 


y.s. 


(3) 


where;  a  is  the  crack  length 

B  is  the  specimen  thickness 

a  is  the  yield  strength 

y .  s . 

Kj£  is  the  fracture  toughness 

For  the  specimens  tested  in  the  present  work,  "a"  was  approximately  equal 
to  l/2cm  and  "B"  was  approximately  equal  to  1cm.  From  Tables  13  and  14, 
one  has  merely  to  select  the  appropriate  values  to  discover  that  in  no 
case  was  the  crack  length  requirement  met.  In  addition,  the  referenced 
standard  requires  that  the  ratio  of  maximum  load  (P  )  to  load  for 
toughness  calculations  (Pg)  be  less  than  1.1.  From  load-deflection, 

"x-y"  recorder  data  plots  generated  during  the  testing  (not  shown),  it 
was  noted  that  this  requirement  also  was  not  met.  Because  the  specimen 
geometry  of  the  Charpys  tested  in  the  present  work  did  not  meet  the 
requirements  that  guarantee  "plane  strain",  "triaxial  stress"  conditions, 
the  "plastic  zone  size"  can  be  considered  to  have  been  as  much  as  three 
times  larger  than  would  have  been  appropriate  for  a  "valid"  KjC  test. 

When  calculated,  this  contribution  is  found  to  be  quite  small  in  comparison 
to  the  total  crack  length.  In  fact,  the  difference  between  plastic  zone 
size  for  the  two  conditions  would  be  the  difference  between  .005cm  and 
.015cm  for  plane  strain  and  plane  stress  respectively  for  7075-T6.  This 
difference  is  merely  a  consequence  of  the  equations: 


plane  strain  plastic  zone  size  - 


plane  stress  plastic  zone  size  = 


Vs. 

(4) 

' 

(5) 
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where;  K  is  the  applied  stress  intensity  (Reference  341).  Hence,  the 
app 

tests  could  not  be  considered  truly  conservative  because  of  the  existence 
of  this  slightly  larger  plastic  zone  size  which  increases  the  "critical" 
crack  length  for  failure  and  reduces  the  effective  stress  concentration 
( )  experienced  by  the  material  (Reference  342). 

Plane  strain  fracture  toughness  (Kj^)  testing  is  desirable 
because  it  is  dependent  only  upon  material  properties;  whereas,  plane 
stress  fracture  toughness  is  dependent  upon  geometry  factors  as  well 
(Reference  343).  Investigators  have  generally  found  that  KIC  and 
(the  value  of  KjC  for  a  material  subjected  to  stress  in  a  stress 
corrosion  environment)  for  7075-T6,  are  approximately  equivalent 
(Reference  344).  This  last  factor  provides  added  incentive  for  KjC 
evaluation.  The  mode  I  or  "opening"  mode  is  not  only  the  most  severe, 
but  is  also  the  only  deformation  mode  of  any  practical  engineering 
significance  except  for  the  case  of  torsion  (mode  III  or  "tearing") 
(Reference  345).  Unfortunately,  the  values  obtained  in  the  present 
work  are  useful  for  qualitative  comparison  purposes  only.  Again,  for 
relatively  high  strength  materials  like  these,  the  maximum  plastic  zone 
size  possible  Is  small  to  begin  with  and  so  the  magnitude  of  change  in 
effective  crack  length  is  quite  small.  For  this  reason,  the  difference 
between  plane  strain  and  plane  stress  fracture  toughness  is  not  likely 
to  be  very  large  (Reference  346).  In  fact,  the  data  obtained  in  the 
present  work  does  agree  quite  well  with  published  values  of  valid 
data  in  the  literature  (References  347-351). 

Another  method  of  toughness  evaluation  sometimes  used  for 
relatively  brittle  materials  like  7XXX  A1  alloys,  is  notched  tensile 
testing.  For  such  a  test,  the  ratio  of  ultimate  tensile  strength  to 
yield  strength  is  observed  to  Increase  as  toughness  Increases.  Other 
Investigators  testing  7075-T6  and  CT-91-T7  have  found  ratios  of 
approximately  1.2  to  1.3  in  TL  and  LT  orientations  respectively  for 
both  of  these  materials  (References  352,  353).  These  ratios  have  been 
shown  to  correspond  to  KjC's  of  approximately  28  and  33MPa»/1n  respectively 
(Reference  354),  slightly  more  optimistic  than  the  present  results. 
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Generally,  materials  with  c/°y  s  —  are  consi^erecl  brittle 
and  materials  with  KTr/a  >  li/in  are  considered  ductile.  The  load- 
deflection  records  obtained  for  the  materials  tested  in  the  present  work 
indicated  "Type  1"  (brittle)  behavior.  For  such  materials,  correlations 
based  on  load  (Pq)  are  recommended  rather  than  correlations  based  on  crack 
opening  displacement  (COD)  (Reference  355).  Percentage  elongation  is  more 
the  measure  of  a  materials  ability  to  strain  harden  and  restrict  void 
coalescence  than  it  is  the  measure  of  toughness  (Reference  356).  The  area 
under  a  load-deflection  curve,  immediately  in  energy  units  is  instantly 
more  appealing  in  a  pedagogical  sense  as  the  measure  of  toughness.  The 
so-called  "W/A"  method  is  the  outgrowth  of  this  concept.  Unfortunately, 
the  value  of  Kq  obtained  from  the  W/A  method  can,  except  for  the  most 
brittle  of  materials,  depend  on  the  LVDT,  the  X-Y  reorder,  and  extraneous 
deflections  in  the  fixturing.  The  factor  of  2  in  the  denominator  in  the 
expression  for  KjC  from  W/A  given  in  Appendix  B  may  not  be  appropriate 
for  all  materials.  To  decide  on  the  appropriate  area  under  the  load- 
deflection  curve  to  be  measured,  the  end  of  the  fracturing  process  must 
be  assumed  (References  357,  358).  For  ductile  materials  or  simply  plane 
stress  conditions  for  brittle  materials,  the  W/A  method  should  be  non¬ 
conservative  since  the  total  energy  absorption  contribution  of  the  rela¬ 
tively  large,  plane  stress,  shear  lips  formed,  overshadows  the  contribution 
from  the  relatively  small,  plane  strain,  flat  fracture.  Obviously,  the 
validity  of  the  W/A  method  as  a  measure  of  decreases  as  the  percentage 
of  shear  lip  area  increases.  For  such  material  conditions,  the  so-called 
"Secant"  method,  which  relies  only  upon  the  initial  fracturing  load,  is 
no  doubt  more  appropriate  and  representative  of  a  valid  KjC  calculation. 
Because  the  Secant  method  is  insensitive  to  shear  lip  formation,  it 
should  be  fairly  consistent  for  materials  of  any  ductility  and  therefore, 
a  more  conservative  estimate  of  fracture  toughness.  In  fact,  for  the 
evaluation  of  plane  stress  fracture  toughness  (K^),  the  W/A  method  should 
be  preferred  to  the  Secant  method. 

This  calls  to  mind  the  importance  of  testing  and  qualifying  the 
same  sizes  and  configuration  that  will  be  used  in  actual  design  and 
fabrication.  The  W/A  method  would  certainly  be  the  more  useful  in  this 
regard  in  defining  optimum  thicknesses  for  structural  efficiency. 
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Obviously,  sections  too  thin  to  develop  complete  shear  lips  do  not  utilize 
the  full  potential  of  a  given  material,  as  maximum  energy  absorption 
from  their  formation  is  not  realized. 

From  the  data  in  Table  14,  it  can  be  seen  that  the  W/A  method 
results  in  overly  conservative  predictions  of  fracture  toughness  for  the 
TL  orientations  and  either  overly  nonconservative  or  inconsistent 
estimates  of  KJC  for  the  LT  orientations.  On  the  other  hand,  the  values 
obtained  with  the  Secant  method  all  appear  fairly  reasonable  for  these 
materials.  Note  that  the  absolute  differences  in  toughness  between  the 
7075-T6  (I/M)  and  CT-91-T7  (P/M)  materials  seem  merely  to  reflect  dif¬ 
ferences  in  their  ultimate  strengths  (Reference  359).  But  even  more 
notably,  in  normalizing  the  data  with  either  ultimate  or  yield  strengths, 
the  TL  orientation  remained  inferior  to  the  LT  orientation  for  both  I/M 
and  P/M  materials. 

c.  Fractography  of  Tensile  &  Toughness  Specimens 

Figures  26  and  27  are  SEM  fractographs  comparing  the  macroscopic 
fracture  appearances  of  the  four  material  orientations  tested  in  smooth, 
round  bar,  monotonic  tension.  It  is  significant  in  these  figures  that  the 
P/M  feature  details  appear  finer.  Optical  comparison  of  macroscopic  dif¬ 
ferences  in  Charpy  specimens  (Figure  28)  also  suggest  finer  features  for 
the  P/M  (right-hand  side  columns)  material.  Note  that  the  shear  lip  size 
of  the  P/M  material  is  deceptively  large  due  to  greater  contrast  from  the 
finer  structure.  Both  tensile  and  Charpy  fractographs  display  pronounced 
differences  between  orientations.  For  the  tensile  specimens,  the 
longitudinal  orientations  of  both  P/M  and  I/M  materials  exhibit  greater 
amounts  of  ductile  shear  than  the  long  transverse  orientations.  Such 
differences  are  consistent  with  expectations  (Reference  360).  For  the 
Charpy  specimens,  the  TL-orientation  (upper  two  rows  of  Figure  28)  is 
obviously  more  flat  than  LT-orientation  (lower  two  rows  of  Figure  28). 

Again,  these  observations  are  in  keeping  with  expectations  because  in 
the  TL-orientation,  crack  travel  is  parallel  to  the  material  flow  direction. 
In  contrast,  crack  travel  is  perpendicular  to  the  material  flow  direction 
and  so  must  cross  more  grain  boundaries  requiring  more  energy  in  the  LT- 
orientation  (Reference  361). 
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Figure  28.  Optical  Macrofractographs  of  Charpy  Toughness  Fracture  Surfaces, 
the  Two  Left  Columns  are  I/M,  the  Two  Right  Columns  are  P/M, 
the  Upper  Two  Rows  are  TL  and  the  Lower  Two  Rows  are  LT 
Orientation  Specimens. 


75 


AFWAL-TR-81 -4068 


Figures  29  and  30  compare  the  microscopic  appearances  of  the 
I/M  and  P/M,  L  and  LT  tensile  specimen  fracture  surface  conditions.  These 
SEM  micrographs  more  clearly  display  feature  size  and  orientation  effects. 
Notably,  Figure  30  shows  that  the  pronounced  flow  direction  (horizontal) 
was  perpendicular  to  the  loading  axis  (out  of  the  plane  of  the  paper)  for 
the  transverse  (LT)  orientation  specimens.  Note  that  even  though  both 
of  these  materials  can  be  considered  relatively  brittle,  they  do  not 
cleave.  Instead,  the  "dimples"  formed  from  "microvoid  coalescence"  are 
simply  small.  Cleavage  occurs  only  for  brittle  constituents  or  for 
materials  that  undergo  ductlle-to-brlttle  transitions,  like  steels 
(References  362,  363). 

If  plastic  replicas  had  been  made  of  the  mating  fracture  surface 
halves  and  examined  in  the  TEM,  It  would  have  been  possible  to  observe 
the  difference  between  dimples  formed  by  shear  or  tearing  and  those  formed 
by  "normal"  (perpendicular  pulling)  rupture.  Those  formed  by  normal 
rupture  are  equiaxed.  Those  formed  by  shear  would  be  elongated  parabolic 
cones  with  apexes  pointing  In  opposite  directions  for  shear,  and  in  the 
same  direction  for  treating  (References  364-367).  Such  conditions 
existed  on  the  "slant",  "vee"  and  "shear  lip"  faces  of  tensile  and  tough¬ 
ness  specimen  fracture  halves.  But  even  without  such  replicas.  It  is 
obvious  from  just  macroscopic  appearance  that  the  L-orientation  fractures 
exhibited  a  higher  degree  of  shear  than  the  LT-orientation.  All  micro- 
fractographs  were  obtained  from  the  flat  (normal  rupture)  portions  of  all 
the  specimens  so  that  fair  comparison  of  dimple  size  would  be  possible. 
Figure  31  compares  normal  rupture  dimples  (left)  with  shear  lip  dimples 
(right)  from  the  final  overload  area  of  a  P/M  fatigue  fracture  surface. 
Note  the  similarity  between  these  micrographs  and  those  of  Figures  29 
and  30. 


Investigators  proved  years  ago,  that  Increased  dimple  size,  depth 
and  spacing  increases  toughness.  It  was  also  learned  that  the  number  of 
dimples  per  unit  area  decreased  as  the  number  of  particles  per  unit  area 
decreased  because  particles  are  nearly  always  the  nucleatlon  sites  for 
dimple  formation  (References  368-373).  Note  that  dispersold  size  and 
distribution  Is  only  Important  to  FCP  at  high  aK's  (>16MPa*/m)  Implying  a 
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greater  effect  on  toughness  than  on  fatigue  properties  (Reference  374). 

SEM  fractographs  (Figures  32  and  33)  suggest  that  the  greater  size  and 
depth  of  dimples  in  the  fast  fracture  portion  of  the  LT-orientation 
Charpy  specimens  Is  Indicative  of  the  higher  toughness  observed.  This  is 
consistent  with  the  smaller  distances  between  grain  boundaries  in  the  IT 
direction.  Dimple  size  is  observed  to  Increase  as  grain  size  and  yield 
strength  decrease  and  temperature  Increases  (References  375-379).  Others 
have  shown  that  dimple  spacing  correlates  with  center-to-center  spacing 
of  inclusions  in  aluminum  alloys  and  that  higher  toughness  is  the  direct 
result  of  larger  spacing  (References  380-383). 

Figures  34  and  35  clearly  show  fairly  large  voids  in  which 
cleaved  facets  of  large  constituent  Inclusions  (probably  (CuAlg^FeAl 3) 
(Reference  384)  are  visible  in  the  ingot  metallurgy  (I/M)  material.  In 
contrast  to  these  are  the  smaller  submicron  dimples  in  both  I/M  and  P/M 
materials  probably  associated  with  dlspersoids  and  incoherent  hardening 
precipitates  (Reference  385).  Research  has  shown  that  ductility  increases 
as  the  volume  percent  of  large  irregularly-shaped  clusters  of  second  phase 
particles  decreases  (References  386,  387).  The  smaller  dimples  apparently 
contribute  to  decreasing  fracture  energy  by  linking-up  with  the  larger 
voids.  Dispersoids  in  both  I/M  and  P/M  materials  probably  serve  to 
decrease  toughness  (References  388-390).  Considering  the  equivalence  in 
toughness  for  both  LT  and  TL  orientations  of  I/M  and  P/M  materials  (see 
Table  14),  and  the  similarity  in  micro- fracture  appearances  (Figures  29 
through  35),  1*  would  seem  that  the  effect  of  large  constituents  in  the 
I/M  material  was  relatively  insignificant  to  the  effect  of  the  dispersoids 

Note  that  especially  in  Figures  34  and  35,  some  areas  of  the 
fracture  surfaces  appear  quite  smooth  and  nearly  free  of  dimples.  These 
are  probably  the  result  of  the  removal  of  poorly  bonded  constituents  from 
grain  boundaries.  But  the  fact  that  some  few  dimples  are  present,  rules 
out  the  possibility  of  intergranular  failure  (Reference  391). 

The  only  significant  segregation  in  P/M  materials  is  due  to  the 
oxide  formed  in  powder  atomization.  As  can  be  seen  from  TEM  micrographs 
in  Figures  16  and  24,  the  approximate  2  micron  size,  amorphous,  segregated 
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Figure  34.  Higher  Magnification  SEM  Fractographs  Obtained  from  the  Flat 
Fracture  Areas  of  LT  I/M  (Left)  and  P/M  (Right)  Slow-Bend 
Charpy  Toughness  Test  Specimens. 
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oxide  particles,  associated  with  the  envelope  of  a  prior  powder  particle, 

\  become  more  uniformly  distributed  from  the  deformation  and  therefore  less 

,  likely  to  serve  as  crack  Initiation  sites  which  probably  account  for  the 

Increase  In  toughness  observed  In  worked  P/M  material  as  compared  with 
as-compacted  P/M  material  (Reference  392).  However,  In  conjunction  with 
that  toughness  Increase,  Indicating  more  metal -to-metal  bonding  from 
additional  deformation,  anisotropy  also  Increases  (Reference  393). 
Considering  the  response  of  I/M  materials,  such  an  observation,  this 
should  not  come  as  a  surprise.  A  simple  concept  of  crack  path  "tortuosity", 
despite  gross  differences  In  Its  relative  magnitude  between  P/M  and  I/M 
materials,  should  nonetheless  apply  equally  If  one  considers  grain 
boundaries  as  effective  barriers  or  crack  tip  energy  absorbers  like  so  many 
laminates  (Reference  394).  Obviously,  many  ihore  boundaries  are  encountered 
In  the  LT-orlentatlon  than  In  the  TL-orlentatlon.  Therefore,  toughness 
and  ductility  anisotropy  are  to  be  expected  equally  from  P/M  and  I/M 
!  materials  with  such  pronounced  orientations. 

A  similar  but  different  argument  could  account  for  the  observed 
!  anisotropy  in  strength.  That  Is,  particles  serve  as  the  nucleatlon  sites 

i 

for  void  creation  leading  to  rupture.  Therefore,  If  aligned  such  that  a 
larger  cross-sectional  area  Is  affected  by  the  applied  stress,  resulting 

i 

strength  should  be  lower  than  If  a  smaller  cross-sectional  area  is 
j  affected.  Overaging  heat  treatments  and  fine  grain  size  have  historically 

I  been  credited  with  Improved  toughness  In  I/M  materials  (Reference  395). 

Considering  the  data  In  Table  14,  such  relations  are  apparently  Inappro- 
.  4  prlate  for  P/M  materials. 

!  ,  As  noted  earlier,  the  grain  size  of  the  P/M  material  Is  roughly 

;  an  order  of  magnitude  smaller  than  that  of  the  I/M  material.  It  Is  known 

j  that  grain  size  Is  not  a  predominant  metallurgical  feature  controlling 

strength  or  fracture  toughness  In  7 XXX  aluminum  alloys.  Plane  strain 
(K.-)  toughness  Is  even  less  dependent  or  grain  size  than  plane  stress 
testing  (References  396,  397).  These  facts  are  well  supported  In  the 
present  work.  Another  obvious  fact  In  these  comparisons  Is  that  the  size 
of  the  second  phase  constituent  particles  (much  larger  In  the  I/M  material) 
does  not  affect  strength  or  toughness.  These  facts  have  been  observed  by 
others  (Reference  398). 
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d.  Fatigue 

(1)  Stress  Concentrations 

The  Neuber  (K^)  relationship  referred  to  earlier.  Is  based  on 
grain  size,  and  would  predict  a  higher  sensitivity  for  a  fine-grained 
material  such  as  a  P/M  material.  Considering  the  available  data 
(References  399,  400)  and  the  data  generated  In  the  present  work  (see 
Figure  36  and  Tables  C-l  and  C-2),  which  Indicate  less  and  not  more 
notch  sensitivity  for  P/M  materials,  such  a  prediction  Is  clearly 
Inaccurate  and  so  the  Neuber  relation  will  not  be  further  considered. 
Estimates  of  fatigue  strengths  based  on  these  data  would  not  be  as  con¬ 
servative  as  the  majority  of  published  values  (References  401-408). 
However,  other  Investigators  have  tested  both  of  the  materials  evaluated 
In  the  present  work,  under  nearly  Identical  conditions  and  proposed 
similar  estimates  of  notched  fatigue  strengths  (Reference  409). 

Unlike  the  case  for  steels,  Kf  cannot  be  determined  analytically 
for  aluminum  alloys  as  no  straightforward  relationship  between  notch 
geometry  and  any  other  material  property  Is  known  to  exist.  Hence, 
both  smooth  and  notched  fatigue  tests  on  aluminum  alloys  must  be 
conducted  In  order  to  empirically  determine  Kf  (References  410,  411). 

The  value  In  calculating  Q  Is  In  knowing  how  sensitive  a  given  material 
Is  to  scratches,  dents,  pores,  and  Inclusions.  Although  only  notched 
fatigue  testing  was  performed  In  the  present  work,  others  have  reported 
both  smooth  and  notched  fatigue  data  for  both  7075  1/M  and  CT-91  P/M  A1 
alloys  tested  under  very  similar  conditions.  Those  data  suggest  a  nearly 
equal  notch  sensitivity  for  the  two  materials  of  0^.6  (References  412, 
413),  which  results  In  an  effective  fatigue  notch  concentration  factor 
(Kf)  of  approximately  2  for  a  Kt  *  3  as  calculated  from  Equation  2.  All 
that  Is  suggested  here  Is  that  If  the  smooth  fatigue  strengths  (o^’s)  at 
107  cycles  of  the  two  materials  tested  In  the  present  work  had  been 
evaluated,  they  should  have  been  approximately  twice  those  obtained  from 
the  notched  testing.  Perhaps  the  most  Important  conclusion  to  draw  from 
these  considerations  Is  that  high  strength  A1  alloys  are  fairly  notch- 
sensitive  and  hence,  might  best  be  evaluated  In  notched  conditions 
(References  414,  415,  416).  In  fact,  a  much  sharper  notch  would  no  doubt 
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have  resulted  In  a  higher  that  Is,  even  lower  fatigue  strengths  as 
obtained  for  these  materials  (References  417-419). 

Another  reason  for  the  comparatively  higher  fatigue  strength 
apparent  In  the  data  generated  In  the  present  work  as  depicted  In  Figure  36 
and  Tables  C-l  and  C-2,  could  be  the  consequence  of  the  so-called  "size 
effect".  Unlike  smooth  bars,  notched  bars  display  a  significant  size 
effect,  especially  when  axially  loaded  as  was  the  case  In  the  present 
work  (Reference  420).  A  decreasing  volume  fraction  of  defects  with 
decreasing  cross-sectional  area  constitutes  a  definition  of  the  "size 
effect".  Another  Interpretation  of  Its  statement  could  be  that  a  reduced 
notch  perimeter  reduces  the  probability  of  encountering  defects  and  hence, 
reduces  the  probability  of  failure  (Reference  421).  Other  work  has 
shown  that  the  size  effect  Is  greater  for  notched  than  for  smooth  specimens, 
but  moreover,  that  notches  tend  to  reduce  differences  In  fatigue  behavior 
between  different  7XXX  A1  alloys  (Reference  422).  This  last  consideration 
obviously  outweighs  the  negative  aspects  of  a  size  effect  enhancement 
from  notched  testing.  The  generation  of  design  data  was  neither  the 
object  nor  within  the  scope  of  the  present  work  and  accordingly,  the  non¬ 
conservative  values  obtained  are  of  little  consequence  In  themselves. 

More  Importantly,  comparison  of  the  two  materials  was  obviously  expedited 
by  the  use  of  notched  specimens. 

If  one  were  to  pursue  the  application  of  the  data  developed  In 
the  present  work,  one  might  consider  the  use  of  a  failure  theory  first 
proposed  by  Goodman,  which  today  bears  his  name.  This  theory  Is  Intended 
to  enable  conservative  prediction  of  fatigue  failure  from  data  not 
generated  under  the  most  severe  loading  condition,  that  Is,  data  not 
generated  with  a  zero  mean  stress.  This  most  severe  condition  Is  some¬ 
times  called  "completely  reversed"  loading,  and  Is  designated  by  what  Is 
known  as  an  "R-ratlo"  of  negative  unity.  This  simply  means  that  the 
ratio  of  the  minimum  to  the  maximum  stress  Is  equal  to  -1.  Under  such 
a  condition,  zero  Is  the  average  or  "mean"  stress.  Obviously  then,  the 
magnitude  of  the  maximum  positive  or  "tensile”  stress  Is  equal  to  that 
of  the  maximum  negative  or  "compressive”  stress.  Now  taking  the  value 
for  Q  and  whence  for  obtained  previously,  and  noting  that  ductility 
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of  both  materials  as  measured  by  percentage  elongation  (see  Table  13) 
exceeds  three  percent;  the  Goodman  theory  defines  these  materials  to  be 
"ductile"  and  so  the  approach  to  selection  of  fatigue  design  stresses  ‘ 
requires  that  be  applied  only  to  the  average  change  In  the  value  of 
stress  which  Is  known  as  "alternating"  stress  ( a ),  and  not  to  the  maxi- 

O 

mum  tensile  stress  endured.  This  value  is  then  simply  added  to  the 
average  or  "mean"  stress  (om)  and  their  sum  Is  considered  to  be  the 
"effective"  stress  for  the  component  as  Indicated  here: 

_  °max  +  °m1n  .  „  ^°max  ‘  °m1n^  lt-s 

°eff - 2 -  +  Kf - 2 -  (6) 

Recall  that  the  fatigue  strength  (o^)  of  a  smooth  specimen  can  be 

approximated  by  multiplying  the  value  obtained  for  a  notched  specimen  by 

Kf.  That  value,  as  well  as  the  ultimate  tensile  strength  (a..  +  .  )  and 

and  yield  strength  (a  )  are  also  needed.  In  HCF,  with  a  positive 
y .  5 . 

value  of  mean  stress;  that  Is,  a  positive  "R-ratlo"  (as  was  employed  In 
the  present  work),  the  Goodman  theory  offers  the  following  criterion  for 
failure  In  fatigue  (Reference  422): 


0  <  a 

-  mean 


<  Py.s.  ~  qN 

°u.t.s. 


and  failure  Is  predicted  to  occur  for: 


(7) 


°eff  ’  l' 


H 

r  >  °mean  -  °N 

U  •  l  •  S  • 


(8) 


Then  selecting  as  an  example,  the  longitudinal  orientation  of  the  7075-T6 

material  tested  with  an  R-ratlo  of  .1  at  a  maximum  stress  of  210  MPa 

(30Ks1),  and  plugging  In  the  values  for  o„  *  .  ,  au  .  from  Table  13, 

u*  ttS »  y,s . 

the  other  appropriate  values  for  K^,  g|ngan,  and  oN  one  calculates: 


114  *  2(93)  -  (1  -  |y|)  114  <  276  MPa 
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Therefore,  failure  Is  not  predicted  to  occur.  Considering  the  data 
obtained,  this  approach  certainly  does  not  result  In  a  conservative 
prediction.  The  reason  for  this.  Is  not  the  Inadequacy  of  the  Goodman 
approach,  but  rather  the  failure  of  to  account  for  the  effect  of 
defects  present.  As  noted  earlier,  an  accurate  value  for  cannot  be 
determined  without  the  testing  of  smooth  specimens  and  so  no  further 
use  will  be  made  of  the  Goodman  theory. 

A  particularly  Intriguing  observation  made  In  some  Investigations, 
that  the  transition  from  slip  band  Initiation  (at  higher  stresses)  to 
grain  boundary/ pore/particle  Initiation  (at  lower  stresses)  depended  on 
Fe  and  Si  content  In  2XXX  A1  alloys  merits  further  discussion  (References 
424,  425).  It  seems  reasonable  that  the  local  threshold  stress  for 
initiation  (by  whatever  mechanism)  to  begin  at  particles  In  the  matrix 
or  In  grain  boundaries,  would  be  similar  fbr  any  similar  constituent  level 
aluminum  alloys.  This  might  be  expected  because  the  fracture  and/or 
matrix  bond  strengths;  for  example  of  any  given  Incoherent,  second  phase 
constituent  particle  of  (CuA^^FeAlg  or  I^SI,  probably  do  not  change 
significantly  from  one  solid  solution  aluminum  alloy  matrix  chemistry  to 
another  (Reference  426).  If  the  transition  In  the  referenced  (References 
427,  428)  experiments  occurred  at  140NPa  nominal  stress  and  a  theoretical 
stress  concentration  factor  (Kt)  equal  to  4.5  with  a  resultant  effective 
fatigue  stress  concentration  factor  of  about  2.6  from  a  notch  sensitivity 
(Q)  equal  to  .6  (typical  of  all  precipitation-strengthened  aluminum  alloys), 
then  the  effective  stress  fbr  the  transition  was  approximately  140MPa  x 
2.6  or  <x>358HPa.  Noting  that  fatigue  strengths  for  7XXX  and  2XXX 
aluminum  alloys  do  not  greatly  differ;  and  that  fatigue  life  In  HCF  Is 
primarily  Initiation;  It  would  seem  reasonable  to  expect  similar  fatigue 
crack  Initiation  mechanism  transitions  for  7XXX  and  2XXX  A1  alloys. 
Continuing  In  this  fashion  with  a  theoretical  stress  concentration  factor 
(Kf)  of  2.6  x  .6  *  1.6  should  result  In  a  similar  transition  from  pore/ 
particle  FCI  to  slip  band  FCI  at  a  nominal  stress  of  358  MPa/1.6  %  220  MPa. 
Therefore,  no  slip  band  Initiation  might  be  expected  for  any  of  the 
specimens  tested  In  the  present  work  since  all  were  tested  at  nominal 
stress  levels  less  than  195  MPa.  In  fact,  no  such  slip  band  could  be 
found  In  the  course  of  SEM  fractographlc  examination  despite  the  fact  that 
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all  specimens  had  been  electropolished  to  a  smooth  finish  prior  to  testing. 
A  sort  of  transition  between  large  constituents  and  small  pores/particles 
(see  Figure  36)  seemed  to  suggest  Itself  In  the  results  of  the  present 
work.  The  Initiation  of  failure  at  pores  or  particles  observed  In  the 
present  work  agrees  well  with  the  experimental  results  of  others 
(References  429-439). 


The  gross  specimen  stress  to  Initiate  cracks  from  second  phase 
constituent  particles  In  monotonic  tension  tests  of  high  strength 
aluminum  alloys  has  been  observed  to  range  between  400  and  600  MPa  for 
6  to  2pm  particle  sizes  respectively  (Reference  440).  Extrapolating  this 
data  to  a  12pm  size  particle,  a  stress  as  low  as  200  NPa  should  be  suf¬ 
ficient  to  Initiate  a  crack;  and  for  a  20pm  size  particle,  a  stress  of 
only  140  MPa  might  Initiate  a  crack  and  so  forth.  These  magnitudes 
appear  quite  reasonable  considering  the  sizes  of  the  features  (5  to  15pm) 
that  Initiated  cracks  and  eventually  caused  failure  of  the  20  fatigue 
specimens  observed  In  the  present  work.  The  lives  of  these  specimens 
did  not  correlate  very  well  with  the  sizes  of  the  features  causing  crack 
Initiation.  In  the  present  work,  fatigue  crack  Initiation  always 
occurred  after  approximately  98%  of  total  life  as  determined  by  the  load 
drop  of  the  fatigue  machine  and  always  at  the  surface  at  sites  on  the 
order  to  5  to  10pm.  This  Is  consistent  with  currently  accepted  theories 
of  fatigue  and  fracture,  and  especially  valid  under  very  low  stress 
(elastic)  and  sub-creep  (room  temperature)  conditions  (Reference  441). 

Recall  that  In  HCF,  It  Is  neither  the  size  nor  population  density  of 
such  particles,  but  rather  their  geometry  that  determines  fatigue  response 
severity.  Large  electropolishing  pits,  regardless  of  shape  are  apparently 
less  severe  than  large  Inclusions  not  removed  by  the  electropolishing 
action.  This  also  Is  understandable  since  an  Inclusion  remains  to  resist  and 
focus  deformation,  while  a  void  can  only  yield  to  deformation.  This 
hypothesis  Is  supported  by  recent  evidence  for  Nl-base  alloys  tested  In 
LCF  for  which  a  smaller  percentage  of  the  more  numerous  defect  (voids) 
Initiated  a  lower  percentage  of  fatigue  failures  than  the  less  numerous 
defect  (Inclusions)  (Reference  442). 
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(2)  Fatigue  Strength  Anisotropy 

i 

In  addition  to  the  mlcrostructural  Instability  phenomena  which 
lead  to  decreased  strength  under  cyclic  loading,  many  Investigators  ^ 

have  shown  that  any  Improvements  exhibited  In  smooth  S-N  (stress  vs. 
logarithm  of  number  of  cycles  to  failure)  fatigue  may  be  absent  In 
notched  S-N  fatigue  (References  443,  444).  Figures  37  and  38  show  that 
when  static  strength  Is  taken  Into  account,  the  slight  apparent  advantage 
of  I/M  over  P/M  material  In  the  longitudinal  orientation  Is  eliminated.  • 

The  long  transverse  orientation  of  the  I/M  material  remains  Inferior 
despite  normalization.  The  Improvement  In  notched  S-N  fatigue  for  the  | 

transverse  orientation  of  the  P/M  material  as  compared  with  the  trans-  j 

« 

verse  orientation  of  the  I/M  material,  is  therefore  significant.  I 

Particles  In  P/M  material  are  smaller  than  those  In  I/M  material  | 

and  therefore,  the  P/M  material  does  not  suffer  a  corresponding  decrease  1 

in  fatigue  strength  in  the  transverse  loading  orientation.  That  is,  the  f 

FCI  resistance  of  the  P/M  material;  which  Is  determined  by  the  notch  1 

concentrations  of  the  features  contained  within  the  material  Itself, 
and  which  In  turn  determine  total  HCF  life,  is  approximately  equal  for  ; 

P/M  material  In  the  L  and  IT  orientations  but  not  for  the  I/M  material. 

It  has  been  shown  that  FCP  Is  nearly  Independent  of  all  micro- 
structural  features  except  at  very  high  and  very  low  AK  levels  j 

(References  445-447).  The  equivalence  In  fatigue  life  of  I/M  and  P/M 
materials  tested  In  the  longitudinal  orientation  confirms  the  fact  that 
their  fatigue  crack  growth  rates  over  the  relevant,  linear  or  "Paris  Law" 

(6  to  16  MPa<^s)  range  are  equivalent.  This  Is  also  considered  the  rele¬ 
vant  range  for  aircraft  spectrum  fatigue  loading  (References  448-454). 

Investigators  have  found  no  significant  differences  In  FCP 
for  L  and  LT  orientations  or  for  constituent  volume  fractions  In  7XXX 
aluminum  alloys  at  low  and  Intermediate  AK  levels.  The  difference  In 
toughness  between  L  and  LT  orientations  Is  responsible  for  the  difference 
In  FCP  at  high  AK  levels  (References  455-457).  The  differences  In  fatigue 
strength  between  L  and  LT  orientations  In  I/M  material  are  not  as  easily 
explainable.  The  expectation  that  defects  In  the  L  orientation  would  be 
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Figure  38.  Data  of  Figure  36  Normalized  to  Ultimate  Strength. 
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aligned  parallel  to  the  stress  axis  while  defects  In  the  LT-orlentatlon 
would  be  either  perpendicularly  or  randomly  aligned  with  respect  to  the 
stress  axis  is  strongly  supported  by  the  data  of  the  present  work.  The 
significant  inferiority  of  the  LT  I/M  condition  to  the  LT  P/M  condition 
is  explainable  in  terms  of  relative  defect  size.  SEM  examinations  of 
20  Initiation  sites  did  In  fact  reveal  that  the  size  of  defects  in  P/M 
material  was  consistently  on  the  order  to  1  to  5ym  while  the  size  of  de¬ 
fects  In  the  I/M  material  ranged  as  high  as  10vm.  FCI  then  and  not  FCP, 
is  the  more  dominant  factor  in  HCF  life  (Reference  458).  Only  this  con¬ 
cept  can  explain  the  difference  In  fatigue  behavior  between  I/M  LT  and 
P/M  LT  conditions.  The  fact  that  both  I/M  and  P/M  experience  equivalent 
deterioration  In  toughness  in  the  transverse  orientation;  yet  the  P/M 
material  does  not  correspondingly  sacrifice  fatigue  strength  In  the 
transverse  orientation;  supports  the  hypothesis  that  FCI  and  not  FCP 
determines  HCF  behavior  which  is  superior  for  the  P/M  material.  The  fact 
that  Investigators  have  even  found  negative  R-ratios  beneficial  to  fatigue 
crack  growth  behavior  In  7075-T6  (Reference  459),  makes  the  entire  concept 
of  FCP  evaluation  of  materials  suspect. 

If  the  effect  of  material  flow  from  deformation  processing  on 
the  mechanical  properties  of  the  L,  LT  and  ST  orientations  In  I/M  materials 
is  determined  by  second  phase  constituent  particle  distribution  and  grain 
boundary  alignment,  then  the  ST  orientation  In  I/M  materials,  whether  or 
not  It  Is  the  least  flow  direction  (cf.  e.g.,  rolled  plate)  should  be  and 
Is  in  fact,  always  inferior  than  the  L  and  LT  orientations.  For  P/M 
materials,  however,  the  degree  of  metal -to-metal  bonding,  as  determined 
by  the  extent  of  oxide  break-up,  as  well  as  grain  boundary  alignment 
establish  the  effect  of  flow.  The  inferior  orientation  Is  either  LT  or 
ST  depending  on  which  experienced  the  least  flow. 

For  a  material  constrained  to  flow  In  one  direction,  as  it  was 
In  the  present  work  by  means  of  uniaxial  compression  In  a  channel  die  with 
walls  contiguous  with  the  material  being  forged  from  the  onset  of 
deformation,  the  amount  of  flow  that  can  occur  In  the  LT  direction  Is 
considerably  reduced.  In  fact,  the  amount  of  flow  In  the  ST  direction 
was  actually  less  than  that  In  the  LT  direction.  This  can  be  understood 
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if  one  visualizes  that  the  maximum  LT  flow  is  probably  less  than  halfway 
from  the  center  to  the  edge  of  the  channel  (1/2  x  1/2  x  3-1/2"  =  7/8"); 
while  the  maximum  ST  flow  is  obviously  from  the  top  of  the  starting  mate¬ 
rial  to  the  top  of  the  finished  forging  (2  -  2/3"  =  1-1/3")  (see  Figure  1). 
In  view  of  these  considerations,  it  is  apparent  that  while  the  lowest 
property  orientation  of  the  P/M  material  was  tested,  an  orientation  of 
intermediate  properties  was  tested  for  the  1/M  material.  Therefore,  the 
equivalent  strength,  ductility  and  toughness,  and  superior  notched  HCF 
performance  of  the  P/M  LT  condition  with  respect  to  the  I/M  LT  condition 
is  significant  indeed. 

Work  done  by  others  has  similarly  shown  little  difference  between 
L  and  LT  orientation  for  axial,  R-.l,  LCF  in  air  and  salt  fog  of  single 
axis  forgings  (60%  reduction  in  height)  of  CT-91  A1  P/M  alloy  (Reference 
460).  Compression  testing  done  by  Voss  (Reference  461)  on  both  P/M  and 
I/M  extrusions  of  commercial  7075  alloy  chemistry  indicate  agreement  with 
the  findings  of  the  present  work  that  I/M  processing  results  in  greater 
anisotropy.  Limited  notched  HCF  testing  of  L  and  LT  orientation  CT-91 
P/M  extrusions  had  previously  suggested  this  same  result  (Reference  462). 

The  results  of  the  statistical  analysis  applied  to  the  fatigue 
life  data  of  the  present  work  are  contained  in  Figures  C-l  through  C-6. 

In  Figure  C-2,  it  can  be  seen  that  the  P/M  slopes  are  not  quite 
as  steep  as  the  I/M  slopes.  That  Is,  for  equal  Increases  in  stress,  the 
probability  of  failure  for  the  P/M  material  does  not  increase  as  rapidly 
as  for  the  I/M  material.  The  slope  of  the  probability  vs.  percent  of  UTS 
curve  (Figure  C-3)  Is  an  indication  of  data  scatter.  The  steeper  the 
slope,  the  less  the  scatter  and  vice-versa.  Figure  C-3  indicates  that 
the  scatter  is  greater  for  transverse  orientations  than  for  longitudinal 
orientations.  This  observation  is  consistent  with  the  generally  more 
random  distribution  of  second  phase  constituent  particles  In  the  trans¬ 
verse  orientations  as  well  as  their  greater  potential  for  randomness  in 
shape  alignment  with  the  applied  stress  axis.  For  the  longitudinal 
orientations,  particles  are  aligned  more  parallel  to  the  tensile  axis 
and  hence,  their  distribution  is  the  only  factor  affecting  the  probability 
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of  failure.  For  the  LT  orientation,  particles  are  randomly  oriented  and 
hence,  their  affect  on  probability  of  failure  is  dependent  upon  both 
distribution  and  orientation  within  the  gage  section.  The  stress 
dependence  is  greater  for  the  L  orientation  probability  of  failure  than 
for  the  LT  orientation  as  evidenced  by  the  steeper  slopes  for  both  I/M 
and  P/M  L  orientation  data  in  comparison  to  the  slopes  for  the  LT 
orientation  data. 

e.  Fractography  of  Fatigue  Specimens 

(1)  Macroscopic  Features 

A  comparison  of  macroscopic  fracture  appearances  of  I/M  (left) 
and  P/M  (right)  notched  fatigue  failures  is  presented  in  Figure  39.  The 
relatively  flat,  brittle  topography  over  most  of  the  fracture  surfaces  is 
characteristic  of  the  sharply  notched,  low  nominal  stress,  uniaxial 
tension-tension  fatigue  loading  conditions  experienced  (References  463, 

464) .  The  difference  in  degree  of  surface  relief  between  the  I/M  and  P/M 
materials  is  merely  a  reflection  of  the  relative  coarseness  of  I/M  grain 
size  as  was  observed  with  tensile  and  Charpy  specimens.  The  equatorial 
line  observable  only  in  P/M  specimens  for  the  abovementioned  reason,  is 
merely  the  record  of  test  interruption  automatically  produced  by  the 
fatigue  machine  as  it  sensed  a  minute  decrease  in  the  load  immediately 
prior  to  final  failure.  Figure  40  displays  a  magnified  view  of  this  area. 
Note  the  presence  of  small  secondary  cracks  (parallel  to  the  load  arrest 
band),  which  are  evidence  of  imminent  fast  fracture.  Figure  41  focuses 
on  the  classic  "thumbnail"  shape  of  the  fatigue  initiation  site  most 
readily  seen  in  the  coarser  grained  ingot  metallurgy  products  (Reference 

465) . 

(2)  Initiation  Sites 

Figure  42  is  a  higher  magnification  view  of  initiation  sites 
in  I/M  material.  The  relatively  small  size  of  these  initiation  sites 
are  evidence  of  a  relatively  low  level  of  second  phase  constituents  In. 
the  I/M  materials  (Reference  466)  as  supported  by  its  chemical  analysis 
(Table  8).  The  cleavage-like  appearance  of  the  area  Is  the  result  of 
the  very  low  stress  Intensity  at  which  fraoturlng  began  (References  467- 
471).  Comparing  the  right-hand  micrographs  in  Figures  42  and  43  taken  at 
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Figure  42.  SEM  Fractographs  of  Intermediate  Stress  Failure  I/M  IT  Notched 
Fatigue  Initiation  Site  (Left)  and  Close-Up  (Right)  of  Mg-SI 
Constituent  (Nine  O'clock)  Clearly  Displaying  Stage  I 
Crack  Propagation  Ripples  Emanating  from  Initiation  Site. 
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the  same  magnification,  one  can  see  that  these  river-like  plateaus  are 
smaller  In  P/N  than  In  I/M  materials.  This  Is  no  doubt  due  to  the  grain 
size  difference.  Some  authors  have  Identified  these  facets  by  X-ray 
diffraction  as  occurring  on  (100).  planes  but  proposed  that  they  are 
formed  by  "restricted-slip"  and  not  cleavage  (Reference  472).  While  the 
precise  mechanism  of  their  formation  Is  not  known.  It  Is  generally  believed 
that  they  are  associated  with  some  sort  of  slip  mechanism  and  represent 
the  transition  between  Stage  I  and  Stage  II  crack  growth  (References 
473-478).  Again,  It  has  been  proposed  that  decreasing  size  of  this 
cleavage-like  area  Is  evidence  of  relatively  high  levels  of  second  phase 
constituents  In  I/M  material  (Reference  479),  but  which  claim  is  not 
readily  proven  by  the  fractographs  obtained  In  the  present  work. 


Because  of  Incoherent  phase  segregation  at  the  grain  boundaries 
and  their  Inherently  lower  bond  strengths,  strain  localization  and  crack 
Initiation  are  most  likely  to  occur  at  large  particles  In  grain  boundaries. 
This  should  not  be  mistaken  for  Intergranular  failure  (Reference  480). 
Other  Investigators  have  even  tested  smooth  specimens  of  7075-T6  I/M  A1 
alloy  material  under  axial  HCF  conditions  In  an  aqueous  NaCl  environment 
and  observed  no  Intergranular  failure  (Reference  481).  Crack  Initiation 
Is  Intergranular  by  grain  boundary  shear  (45°  to  tensile  axis)  but  crack 
propagation  Is  transgranular  (90°  to  tensile  axis)  for  both  I/M  and  P/M 
materials  (References  482-485).  Crack  growth  rates  have  generally  been 
observed  to  be  faster  when  proceeding  Intergranularly,  but  a  transition  to 
Intergranular  failure  does  not  occur  as  the  result  of  change  In  stress 
Intensity  level  or  a  decrease  In  grain  size  (References  486,  487).  The 
fracture  mode  for  Figures  39  through  43  Is  strictly  transgranular 
despite  any  appearances  to  the  contrary.  The  P/M  material  being  of 
very  fine  grain  size,  does  not  appear  to  fracture  In  a  strictly  trans¬ 
granular  mode  because  grain  boundaries  are  never  very  distant  from  one 
another  hence  making  crack  paths  sometimes  appear  to  follow  them.  But 
the  fact  that  such  appearance  does  not  represent  Intergranular  failure  Is 
brought  out  by  good  fatigue  behavior  In  both  L  and  LT  orientations  for 
the  P/M  material . 
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The  relatively  featureless,  cleavage-like  Stage  I  fracture  area 
forms  at  very  low  growth  rates  just  at  or  above  the  threshold  stress 
Intensity  (aK^).  This  region  typically  extends  only  a  few  grain  diameters 
on  {111}  planes  In  <110>  directions,  but  makes  up  most  of  the  total  life 
time  In  HCF  loading  conditions.  The  transition  to  "river-like"  ripples 
radiating  from  this  region  and  forming  flat  parallel,  plateaus  perpendicular 
to  the  tensile  axis,  marks  the  onset  of  Stage  II  fracture  at  some  slightly 
higher  AK  level.  Slight  deviations  In  orientation  signify  grain  boundary 
intersections.  As  evidenced  by  the  debris  on  these  fracture  surfaces,  the 
presence  of  Inclusions  does  not  Interfere  with  plateau  formation  or  advance. 
At  still  higher  stress  Intensity  levels,  lines  advancing  perpendicular 
from  the  origin  called  "strlatlons"  are  formed  (see  Figure  44).  Finally, 
at  relatively  high  AK's,  strain  rate  approaches  monotonic  loading  rate  for 
tensile  or  toughness  testing  and  strlatlons  are  succeeded  by  microvoid 
coalescence  (dimple  formation)  which  results  In  final  overload  failure 
(References  488-491).  But  this  will  be  discussed  more  fully  In  the 
next  section. 

Returning  to  the  topic  of  fatigue  crack  Initiation,  It  Is 
Important  to  understand  that  subsurface  origins  are  generally  only 
observed  In  fatigue  when  large.  Internal  Inclusions  or  Imperfections  are 
present  (Reference  492).  Some  Interesting  observations  were  made  In 
examining  the  origins  of  fatigue  fractures  of  the  present  work.  First, 
both  of  the  really  low  stress  failures,  (region  B  of  Figure  36),  were 
associated  with  very  large  Inclusions  not  removed  by  the  electropolishing 
(see  Figures  42-45).  By  contrast,  the  three  "long"  life  failures 
(region  C  of  Figure  36)  were  all  associated  with  what  appears  to  be 
mechanical  polishing  scratches  not  removed  by  the  electropolishing  (see 
Figures  46  and  47).  The  remainder  of  relatively  high  stress,  short 
life  failures  (region  A  of  Figure  36)  were  all  associated  with  small 
Inclusions  or  small  to  large  pits  presumably  created  by  the  removal  of 
Inclusions  during  electropolishing  (see  Figures  43  and  48).  Similar  to 
the  case  with  Nl-base  alloys,  no  surface  slip  FCI  was  observed  (Reference 
493).  Other  fractographlc  studies  In  7XXX  A1  alloys  have  failed  to 
observe  any  FCI  by  slip-band  formation  (Reference  494).  Others  have  shown 
fairly  conclusively  that  large  Inclusions  are  by  far  the  most  prevalent 
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sites  for  FCI  (References  495,  496).  Mg2Alj,  MgZn2  and  CuMgAl2  are  anodic 
with  respect  to  aluminum  and  hence,  likely  to  be  leached  out,  e.g., 
during  electropolishing;  Mg2Si,  CuAlg,  FeAlj  and  Si  on  the  other  hand, 
are  cathodic  with  respect  to  A1  and  hence,  are  likely  to  serve  as  sites 
for  peripheral  attack  of  the  surrounding  matrix.  If  anything,  they  might 
fall  out  during  electropolishing  depending  upon  their  shape.  Of  course, 
pits  can  develop  randomly  within  the  grains  themselves  (Reference  497). 

But  the  importance  of  these  considerations  is  that  the  cathodic  constit¬ 
uents  could  be  expected  to  serve  as  initiation  sites  in  electropol ished 
specimens  whereas  only  the  pits  from  leached  out  anodic  constituents  should 
be  expected  to  serve  as  initiation  sites.  This,  in  fact,  is  precisely 
what  was  observed  (see  Figures  41,  42,  43,  45,  48  and  49).  Moreover,  the 
severity  of  their  effects  should  depend  upon  their  characteristic  sizes 
and  shapes.  Unfortunately,  insufficient  numbers  of  such  constituents  were 
observed  to  fully  investigate  this  premise.  Other  investigators  have 
also  observed  the  absence  of  the  anodic  constituent  phases  in  aluminum 
alloys  following  electropolishing  (Reference  498).  One  investigator  has 
observed  only  Mg2Si  as  an  initiation  site  inclusion  in  7075  I/M  A1  alloy 
(Reference  499).  In  the  present  work,  both  CuA12  and  Mg2Si  (Figures  41, 

42,  45  and  49)  phases  were  observed  to  initiate  failure.  In  agreement  with 
the  present  work.  It  has  been  observed  that  for  electropol ished  specimens 
of  7XXX  aluminum  alloys,  pits  are  the  most  often  observed  initiation  sites 
(see  Figure  48)  (Reference  500).  The  deleterious  effect  of  coarse  second 
phase  particles  on  fatigue  behavior  has  long  been  recognized  and  made 
the  subject  of  numerous  and  extensive  researches.  The  results  of  these 
have  been  unanimous  in  suggesting  that  such  inclusions  provide  preferential 
sites  for  FCI  (Reference  501).  In  P/M  A1  alloys,  the  sizes  of  inclusions 
are  Inherently  reduced  and  their  distribution  uniformly  homogeneous. 
Improved  behavior  should  be  the  result.  However,  recent  Investigations 
of  Fe,  Ti  and  N1  alloy  P/M  products  indicate  significant  reductions  in 
fatigue  life  from  equivalent  wrought  (I/M)  alloys.  The  diminished 
fatigue  behavior  has  been  attributed  to  contamination  of  powders  with 
extraneous  particles,  or  voids  resulting  from  insufficient  compaction 
(References  502-504).  The  Air  Force  has  Initiated  an  effort  to  discern 
the  potential  deleterious  effects  of  similar  contamination  in  A1  alloy 
P/M  products  (Reference  505).  The  results  of  the  investigation  being 
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Figure  49.  Photographs  of  EDAX  Displays  of  Qualitative  Chemical  Analyses  of 
l^SI  (Left)  and  CuA^  (Right)  Initiation  Sites  of  Figure  41. 
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reported  here,  though  inconclusive,  suggest  that  a  similar  degradation 
in  mechanical  behavior  of  A1  P/N  products  due  to  extraneous  particles 
does  not,  in  fact,  occur.  Of  course,  a  systematic  Investigation  of  the 
effects  of  defects  (as  will  be  performed  in  the  referenced  Air  Force 
contract)  should  better  establish  any  such  effects. 

(3)  Striations 

It  has  been  shown  that  In  FCC  metals,  in  accordance  with  the 
theoretical  predictions,  slip  can  accumulate  as  transgranular  crack  front 
arrest  lines  called  "striations"  in  the  close-packed  crystallographic 
planes  {111}  and  directions  <110>  (Reference  506).  But  It  Is  also 
important  to  note  that  cyclic  deformation  need  not  accumulate  in  the 
form  of  striations  and  that  any  of  the  other  possible  deformation 
mechanisms  for  a  given  material  loaded  In  fatigue  may  be  observed.  For 
many  materials,  striations  are  almost  never  found  except  under  certain 
special  loading  conditions  or  In  certain  crystallographic  orientations 
(Reference  507).  Figure  50  illustrates  the  low  magnification  appearance 
of  a  Stage  II  fatigue  region  containing  striations.  The  crack  growth 
direction  is  left  to  right  in  the  left-hand  micrograph  of  Figure  50  and 
bottom  to  top  in  the  right-hand  micrograph.  Note  that  striations  are 
more  or  less  perpendicular  to  crack  advance  direction.  Strlatlon 
advance  Itself  is  non crystallographic  and  nonintersecting  and  has 
even  been  observed  in  amorphous  materials  (References  508-510). 

Striations  are  not  observed  at  all  for  materials  fatigued  under  vacuum 
or  inert  gas  which  suggests  that  some  environmental  effect  Is  responsible 
for  their  appearance.  Striations  are  eventually  obliterated  with  exposure 
to  air  and  so  fracture  surfaces  which  are  Intended  to  be  examined  must 
be  stored  in  evacuated  desiccators  until  examination. 

Under  corrosive  environmental  conditions,  embrittling  effects 
cause  striations  to  appear  distorted  and  broken.  The  striations  appearing 
In  Figures  51  and  52  were  obviously  produced  by  a  ductile  mechanism. 

Note  also  that  crack  growth  rates  may  become  a  factor  of  3X  faster  In 
such  environments  and  so  strlatlon  spaclngs  tend  to  be  larger  for  a  given 
applied  load  (References  511-517).  Local  tear  ridges  and  changes  In  the 
direction  and  spacing  of  striations,  as  seen  in  Figures  51  and  52,  are 
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are  the  result  of  motion  across  differently  situated  crystallographic 
grain  orientations  with  respect  to  the  predominant  noncrystal lographlc 
crack  path  (Reference  518).  This  sort  of  speculation  can  be  and  has  been 
fully  verified  (but  not  without  great  experimental  difficulty)  with  the 
use  of  SEM  electron  channeling  contrast  techniques  (Reference  519)  or  by 
means  of  TEM  of  thin  foils  taken  from  the  fracture  surface  (Reference  520). 
Strlation  spacing  does  not  change  upon  traversing  a  particle  (see  Figures 
51  and  52).  Neither  Cr  nor  Co  dlspersolds  In  I/M  and  P/M  materials 
respectively  seem  to  have  any  significant  Interaction  with  the  strlation 
crack  advance  mechanism.  Others  have  agreed  with  this  conclusion  In  the 
case  of  the  I/M  material  at  least,  (Reference  521).  The  small  spherical 
particles  sometimes  visible  on  striae  of  the  P/M  fatigue  fracture  surfaces 
(Figures  44,  50  and  52)  are  approximately  l/4um  and  are  very  likely 
Co^Alg.  Unfortunately,  EDAX  analysis  could  not  sufficiently  enhance  the 
Co  signal  to  determine  this  with  certainty.  Since  these  particles  seem 
neither  to  be  always  present  nor  affect  the  strlation  path,  they  probably 
do  not  affect  crack  advance.  The  reason  EDAX  analysis  cannot  determine 
chemistry  of  submicron  particles  Is  that  electron  beam  penetration  and 
divergence  happen  to  be  on  the  order  of  one  micron.  At  least  3/4ths  of 
the  detected  signal  will  actually  be  from  the  underlying  matrix  material. 

If  the  striatlons  containing  the  particle  of  Interest  could  be  preserved 
In  sectioning  and  thinned  from  one  side  to  a  thin  foil  and  examined  In  a 
scanning  transmission  electron  microscope  (STEM),  beam  penetration  and 
divergence  limitations  could  be  largely  eliminated  (References  522,  523). 
Alternately,  Auger  electrons,  by  nature  weaker  and  more  superficial, 
could  possibly  detect  the  presence  of  Co  In  situ.  Resolution  at  sufficient 
magnifications  to  find  the  particles  becomes  the  limiting  factors  In  AES. 

If  all  the  Co  Is  tied  up  with  A1  In  the  form  (and  this  Is  a  very 

reasonable  assumption  considering  all  of  the  possible  coaqwunds  that 
might  form),  then,  .35  wtX  Co  In  the  CT-91  P/M  alloy  should  combine  with 
.9  wtX  al.  Then,  this  .9  wtX  represents  roughly  1  volX  of  O^lg  In  the 
89  wtX  Al  alloy  CT-91.  Such  a  conclusion  has  been  reached  by  others 
(Reference  524).  Therefore,  given  that  there  Is  no  particular  reason  not 
to  expect  homogeneous  distribution  of  the  ft^AIg  dlspersold  particles  by 
the  very  nature  of  the  P/M  process,  IX  of  the  area  of  any  metal lographlc 
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or  fractographlc  surface  could  be  expected  to  contain  ft^AIg  dlspersolds. 
Considering  SEM  Figures  44  (right),  52  (left)  and  53  all  at  5000x 
magnification  and  showing  an  area  roughly  300  square  microns,  the  dozen 
odd  spherical  particles  visible  and  covering  an  area  of  approximately 
three  square  microns  support  the  above  conclusions  quite  well.  Therefore, 
the  occurrence  of  COgAlg  spherical  particles  with  the  frequency  of  1%  does 
not  suggest  that  these  particles  are  concentrated  or  In  any  way  account 
for  or  contribute  to  the  presence  of  fatigue  fracture  on  these  surfaces. 

Fatigue  crack  propagation  In  high  SFE  materials  Is  always 
associated  with  deformation  by  cross-slip.  Cross-slip  Is  more  extensive 
within  grains  than  along  grain  boundaries  and  so  crack  advance  Is  Inter¬ 
rupted  by  grain  boundaries.  These  Interruptions  cause  short-lived 
decreases  In  growth  rate.  As  the  crack  length  Increases,  the  change  In 
stress  Intensity  (aK)  Increases  and  so  the  strlatlon  spacing  Increases 
(Reference  525).  Wavy  strlatlons,  secondary  cracking  and  the  appearance 
of  dimples  are  Indicative  of  a  more  elevated  stress  state  and  consistent 
with  the  larger  strlatlon  spaclngs  observed  (Figure  53)  (Reference  526). 
When  these  features  are  simultaneously  present,  the  spacing  may  not 
correlate  well  with  macroscopic  crack  growth  rates.  Microscopic  crack 
growth  rates  determined  by  strlatlon  spacing  and  total  crack  length 
measurement  would  most  likely  underestimate  tbe  macroscopic  crack  growth 
rate  and  stress  Intensity  (References  527,  528). 

It  has  been  conclusively  demonstrated  that  each  strlatlon 
represents  a  single  cycle  of  loading.  However,  small  magnitude  cycles 
(low  aK)  or  cycles  following  crack  growth  arrest  from  a  large  overload, 
may  not  result  In  strlatlons.  Estimates  of  crack  growth  rates  do 
correlate  well  whenever  uniform  uninterrupted  strlatlons  are  present. 

At  very  low  aK's,  strlatlon  spacing  may  overestimate  bulk  crack  growth 
rate,  while  at  very  high  AK's  when  dimples  are  simultaneously  present, 
strlatlon  spacing  may  underestimate  crack  growth  rates.  Total  crack 
length  from  precise  measurements  of  location  on  the  surface  must  be 
known  to  arrive  at  accurate  calculations  of  stress  Intensity  levels 
(References  529-533). 
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Only  strlatlons  between  .1  and  1  micron  In  width  were  obser/ed 
In  the  SEN  on  specimen  fatigue  fracture  surfaces  from  the  presen*  work. 
Others  have  concluded  that  strlatlons  are  only  obtained  for  crack  growth 
rates  between  .02  and  2pm/cycle  so  that  observations  from  the  present  work 
are  well  within  these  guidelines  (Reference  534). 

In  general  form,  crack  growth  rate  Is  directly  proportional  to 
stress  Intensity: 


as  -  »«•  <«) 

where;  da/dN  Is  change  In  crack  length  (a)  per  cycle  (N),  aK  Is  the 
stress  intensity  and  (m)  Is  a  material  constant.  This  equation  describes 
only  the  linear  portion  of  a  log-log  plot  of  da/dN  and  AK,  and  (m)  becomes 
the  slope  of  the  line.  The  upper  and  lower  ends  of  this  straight  line 
divert  parabollcally  and  become  assympototlc  to  the  fracture  toughness 
(Kg)  at  the  upper  end  and  to  the  threshold  stress  Intensity  (AKth)  at  the 
lower  end  (Reference  535). 

Given  values  from  the  literature  for  crack  growth  rates  at  known 
stress  Intensity  levels  for  these  materials,  a  simple  proportionality 
can  be  used  to  approximate  the  local  stress  Intensities  from  striatlon 
spaclngs  measured: 

^*known  ^  ^unknown 
^gknown  ^jjm  ensured 

From  the  literature,  5  MPa/m  corresponds  to  a  crack  growth  rate  of  only 
about  .02pm/cyc1e  which  Is  just  at  the  threshold  of  striatlon  formation. 

7  MPa/fiT  corresponds  to  about  .2pm/cycle,  10  NPa/m  to  about  .4pm/cycle, 

15  MPa/m  to  about  ,5pm/ cycle,  and  20  MPa/m  to  about  1  pm/cycle  for  both 
7XXX  I/M  and  P/M  aluminum  alloys  (References  536-540).  In  Figures  44, 

51,  52,  53  and  54,  local  AK  levels  can  be  similarly  suggested  by  the 
striatlon  spaclngs.  Again,  such  AK's  might  not  be  an  accurate  assessment 
of  the  prevailing  stress  Intensities  seen  by  the  bulk  specimens  when  these 
strlatlons  were  produced.  The  width  of  the  striae  In  Figure  53  (right), 
and  Figure  54  (left),  suggest  that  they  represent  the  last  strlatlons  formed. 
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The  size  of  the  largest  striation  In  Figure  54  (left),  is  sufficient  to 
correspond  to  a  stress  intensity  closely  approaching  the  fracture  tough¬ 
ness  of  the  material.  The  simultaneous  presence  of  dimples  adds  credence 
to  this  hypothesis.  Figure  55  (left).  Is  a  lower  magnification  shot  of 
the  area  from  which  the  micrographs  of  Figures  53  (right)  and  54  (left) 
were  obtained.  Crack  growth  direction  was  from  left  to  right  and  the 
striation  containing  area  terminates  on  the  left  side  of  the  apex  of  the 
cone-shaped  area.  Figure  54  (right),  was  obtained  In  the  area  immediately 
to  the  right  of  this  apex  suggesting  that  striation  formation  has 
completely  given  way  to  faster  crack  growth  by  microvoid  coalescence. 

Figure  55  (right),  displays  the  brittle  fracture  In  the  center  of  the  field 
of  a  large  (CuA^^FeAl^  constituent  particle  in  the  fast  fracture  portion 
of  an  I/M  material  fatigue  fracture  surface.  Finally,  for  the  sake  of 
completeness.  Figure  56  displays  an  area  of  high  stress  intensity  con¬ 
taining  dimples,  cracked  constituent  particles  and  wide  striation  spacings 
on  an  I/M  material  fracture  surface. 

3.  CORROSION  RESISTANCE 

a.  Hardness 

Though  scarcely  a  direct  measure  of  chemical  activity,  hardness 
has  been  employed  as  an  Indicator  of  the  nature  and  extent  of  precipitation 
in  aluminum  alloys.  As  is  the  case  with  steels,  empirical  relationships 
between  hardness  and  strength  have  also  been  made.  But  in  the  case  of 
aluminum  alloys  which  derive  their  strength  from  the  precipitation  of 
chemically  active  phases,  hardness  can  be  somewhat  predictive  of  corrosion 
response  as  well.  The  values  obtained  In  the  present  work  and  presented 
in  Table  15  are  typical  for  these  materials  and  heat  treatment  conditions 
(Reference  541).  The  greater  hardness  of  the  T6  I/M  and  P/M  material 
conditions  suggest  greater  precipitate  Instability,  with  Inferior  corrosion 
resistance  to  the  T7  heat  treatment  conditions  as  a  consequence. 

b.  Electrical  Conductivity 

Since  any  soluble  element  addition  to  pure  aluminum  will  decrease 
Its  electrical  and  thermal  conductivities,  the  observed  decreases  following 
strengthening  heat  treatments  Indicate  the  presence  of  coherent  zones  and 
elements  In  solid  solution  (Reference  542).  Electrical  conductivity  Is 
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the  most  often  used  method  of  determining  degree  of  aging  of  an  alloy. 

As  overaging  results  in  additional  precipitation  removing  soluble  elements 
from  solution  and  growth  of  G.  P.  zones  to  incoherency,  conductivity  is 
observed  to  Increase  (Reference  543). 

Furthermore,  It  follows  that  an  overaged  heat  treatment  (T7)  con¬ 
dition,  which  is  of  course  known  to  ripen  (increase  size  and  spacing) 
such  precipitates,  should  be  superior  to  the  fully  "hard"  (T6)  condition. 
Some  Investigators  have  even  suggested  that  minimum  electrical  conductivity 
values  could  be  used  as  guidelines  for  determination  of  susceptibility  to 
stress  corrosion  cracking.  It  is  admitted,  however,  that  small  deviations 
in  chemistry  are  seen  to  have  large  effects  on  electrical  conductivity 
(Reference  544). 

In  any  event,  the  values  obtained  in  the  present  work  and  pre¬ 
sented  in  Table  16,  are  typical  (Reference  545)  and  suggest  that  the  P/M 
material  in  either  T6  or  T7  condition  should  be  less  susceptible  to  cor¬ 
rosion  than  the  I/M  material  in  either  T6  or  T7  condition. 


TABLE  15 

ROCKWELL  B*  HARDNESS  DATA 


Material 


Hardness 


I/M-T6  89 
I/M-T73  85 
P/M-T6  88 
P/M-T73  84 


*  ASTM  El  8-74 


(average  of  five  tests) 


TABLE  16 

CONDUCTIVITY*  DATA 
Material  %  IACS 


I/M-T6 

32 

I/M-T73 

37 

P/M-T6 

39 

P/M-T73 

42 

*  %  of  the  International  Annealed  Copper  Standard,  ASTM 
B342-63. 
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c.  Exfoliation  Corrosion 

Another  simple  but  more-to-the-point  method  of  corrosion  resis¬ 
tance  measurement  utilized  in  the  present  work,  was  testing  for  suscep¬ 
tibility  to  a  form  of  intergranular  corrosion  commonly  known  as 
"exfoliation" .  "Pitting- type"  corrosion  is  usually  not  affected  by 
microstructural  features.  An  exception  is  observed  for  material  suscep¬ 
tible  to  pitting  that  first  penetrates  and  then  turns  parallel  to  the 
grain  flow  direction.  This  process,  termed  "end-grain"  attack  is  merely 
a  more  severe  form  of  pitting  and  results  in  blisters  (Reference  546). 
Nearly  all  wrought  aluminum  products  exhibit  the  classic  thin  "pancake" 
grain  shape;  that  is,  considerably  extended  in  one  dimension  (termed 
longitudinal  or  L),  somewhat  less  extended  or  equiaxed  in  a  second 
dimension  (termed  long  transverse  or  LT),  and  rather  contracted  in  the 
third  dimension  (termed  short  transverse  or  ST).  This  was  clearly 
observed  in  Figure  12.  It  has  been  fully  documented  that  stress  cor¬ 
rosion  susceptibility  is  more  important  than  so-called  "end-grain"  or 
"pit-blistering"  susceptibility.  Nevertheless,  specimens  were  machined 
diagonally  on  one  face  in  order  to  expose  a  greater  number  of  end  grains 
However,  no  difference  was  observed  between  either  face  (see  Figure  57). 
It  is  important  to  note  that  the  pancake-shaped  grains  in  combination 
with  grain  boundary  constituents,  not  only  restrict  susceptibility  to 
one  direction  in  the  product  (the  ST  direction)  but  actually  improve 
overall  stress  corrosion  cracking  resistance.  Artificially  low  constit¬ 
uent,  equiaxed  grain,  laboratory  alloys  generally  do  not  perform  as  well 
as  the  commercial  products  described  (Reference  547). 

The  upper  photograph  of  Figure  58  documents  the  differences  in 
apparent  initial  aggressiveness  of  attack  from  the  ASTM  Standard 
exfoliation  corrosion  of  "EXCO"  solution  on  six  different  material  and 
heat  treatment  conditions  (see  Tables  8  and  12).  Other  investigators 
have  measured  gas  evolution  during  EXCO  testing  of  these  materials  and 
found  it  to  be  greater  for  the  cobal t-containing  P/M  alloy  material 
suggesting  that  the  presence  of  Co  might  be  detrimental  (Reference  548). 
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Figure  58.  Photographs  of  EXCO  Test  Beakers  Containing  (Left  to  Right) 
CT-91-T7  (.4*  Co),  CT-91-T6  (0%  Co),  CT-91-T6  (.4*  Co), 
7075-T6,  7075-T73,  CT-91-T7  (0%  Co)  Coupons  at  One  Hour 
(Upper  Set)  and  Six  Hours  (Lower  Set)  After  Immersion  In  the 
Solution. 
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Notwithstanding  such  observations,  one  might  suppose  from  these 
photographs  that  the  7075-T6  I/N  material  (4th  beaker  from  the  left)  was 
not  being  any  more  severely  attacked  than  the  three  CT-91  P/M  materials 
In  the  beakers  to  Its  left.  Closer  examination  of  the  beakers  and 
test  coupons  displayed  In  Figures  57  and  58  Indicated  that  for  the  P/H 
materials,  corrosion  was  more  uniform  and  deposited  more  material  to  the 
bottom  of  the  beakers.  In  contrast,  the  I/N  materials  developed  larger 
scale  features  but  deposited  less  material  to  the  bottom  of  the  beakers. 
Figure  57  merely  demonstrates  the  beneficial  effects  of  residual  stresses 
for  resisting  corrosive  attack.  Several  of  the  shiny,  unattacked  patches 
still  contain  machining  marks. 

But  proper  assessment  of  the  severity  and  extent  of  corrosion 
Is  only  accomplished  by  mechanical  testing  or  metal lographlc  examination. 

The  latter  method  revealed  that.  In  fact,  the  7075-T6  material  actually 
performed  the  worst  and  ranking  In  order  of  performance  is  as  follows: 

F,  A,  E,  C,  B,  and  D  (see  Figures  57  and  58).  Figures  59  through  62 
clearly  substantiate  this  order  of  resistance  to  corrosion.  The  overaged 
P/M  materials  (FSA)  suffered  only  pitting  (ASTM  EXCO  Code  N),  which  was 
Indeed  deeper  for  the  Co-contal nl ng  alloy  (A).  The  fully  hardened  P/M 
and  overaged  I/M  alloys  (E,  C,  and  B)  suffered  the  more  severe  pit- 
blistering  (ASTM  EXCO  Code  P)  attack.  But  note  that  In  this  case,  the 
severity  of  attack  was  greater  for  the  non-Co-contalnlng  alloy  (B).  The 
T6  I/M  condition  suffered  true  exfoliation  (ASTM  EXCO  Code  E,  severity  B) 
(Reference  549).  It  can  be  noted  fbr  the  7075-T6  materials  that  the 
unrecrystal  11  zed  (darker,  higher  chromium  and  subgrain  containing)  grains 
seemed  to  be  more  preferentially  attacked. 

Both  hardness  and  conductivity  measurements  were  generally 
predictive  of  the  outcome  of  the  exfoliation  corrosion  testing.  The 
superiority  of  the  P/N  materials  over  the  I/M  materials,  as  well  as  the 
other  observations  made  In  the  present  work,  are  consistent  with  the 
findings  of  all  other  Investigators  to  date  (References  550-554).  The 
P/M  material  has  also  been  compared  In  actual  stress  corrosion  to  I/M 
materials  and  found  to  maintain  Its  position  of  superiority  (Reference  555). 
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SECTION  V 

SUMMARY  AND  CONCLUSIONS 


A  comparison  of  microstructure,  notched  high  cycle  fatigue,  tough¬ 
ness  and  exfoliation  corrosion  behavior  in  longitudinal  and  transverse 
orientations  of  equivalent  strength  7075-T6  I/M  and  fully  dense 
CT-91-T7  P/M  aluminum  alloys  was  made.  Optical  and  electron  microscopy 
procedures,  round  electropoll  shed  tension- tension  fatigue,  slow-bend 
fatigue  pre-cracked  Charpy  toughness,  and  wedge-shaped  corrosion  speci¬ 
mens;  all  machined  from  die  forgings  were  employed  in  the  testing. 
Conclusions  drawn  from  this  work  are  as  follows: 

1.  Unlike  A1  I/M  alloys,  P/M  alloys  do  not  suffer  deterioration  in 
fatigue  strength  in  the  transverse  orientations. 

2.  Fatigue  crack  initiation  rather  than  fatigue  crack  propogatlon 
determines  high  cycle  fatigue  life. 

3.  A1  P/M  alloys  in  any  condition  of  heat  treatment  are  more  resistant 
to  exfoliation  corrosion  than  even  the  overaged  condition  of  heat 
treatment  of  equivalent  I/M  alloys. 

4.  At  a  constant  constituent  volume,  grain  flow  direction  rather  than 
constituent  particle  size,  distribution,  or  orientation,  determines 
the  toughness  of  a  given  orientation. 

5.  Smaller  constituent  particle  size  In  P/M  alloys  produces  the  observed 
equivalence  In  longitudinal  and  transverse  fatigue  behavior. 
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SECTION  VI 

RECOMMENDATIONS  FOR  FUTURE  WORK 

1.  Explore  the  relationship  between  elastic  or  shear  modulus  and  fatigue 
crack  growth  rate. 

2.  Explore  the  effects  of  residual  stress  on  fatigue  behavior. 

3.  Optimize  the  heat  treatment  of  P/M  aluminum  alloys. 

4.  Investigate  the  significance  of  anisotropy  (crystallographic  texture) 
by  means  of  X-ray  pole  figure  analysis. 

5.  Measure  stacking  fault  energies  of  various  mlcrostructural  features 
In  aluminum  alloys. 

6.  Utilize  analytical  surface  techniques  to  discover  the  differences  In 
chemical  bonding  and  the  role  of  oxides  In  P/M  microstructure. 

7.  Examine  polarization  corrosion  kinetics  of  the  various  second  phase 
constituents  In  aluminum  alloys. 

8.  Theoretically  determine  the  stress  concentrations  of  characteristic 
second  phase  constituents  as  a  function  of  their  sizes,  shapes, 
locations  and  orientations  with  respect  to  the  stress  axis. 
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APPENDIX  A 

SAMPLE  CALCULATIONS  FOR  TENSIL  DATA 


i 


l 


I 


t 

*  I 


U.T.S. 


P 

max 


V.S. 


=  PQ  .2%  offset 


where; 


%  El. 

%  R  of  A 

=  wax.  load  from  Instron  load  deflection  chart 
max 

PP  .2%  =  load  at  2%  offset  from  Instron  load  deflection  chart 

*f~^o  =  total  plastic  strain  approximated  from  Instron  load 

deflection  chart  divided  by  the  effective  gage  length 
of  the  specimen. 

1  =  initial  effective  gage  length 

Dq  =  Initial  gage  diameter 

D^  =  final  minimum  gage  diameter  In  necked  region  of 

specimen. 


V  \ 


x  100 


v  - D/ 


x  100 


i 


I 

r 

135 

fcr 


AFWAL-TR-81-4068 


“q 


APPENDIX  B 

SAMPLE  CALCULATION  FOR  TOUGHNESS  DATA 


PQ  -  9(aavq/w) 
B  ’  /w 


"Secant" 


W  "W/A" 

B-a  •  w 


(assumed  n  (a  constant)  =  2  &  v  (Poisson's  ratio)  3  .33) 


h(*avg/w) 


E  »  elastic  modulus 

Kg  3  estimated  fracture  toughness 

Pel  "  of  Pg  from  x-y  recorder 

4el  3  deflection  from  x-y  recorder  for  P^ 

B  3  thickness 

w  3  width 


M  3  In-lbs.  (total  area  Inside  P-  curve  measured  with  KAE) 

model  620000  Polar  Area  Tracing  Planlmeter) 

g(a/w)  from  J.  Srawley,  International  Journal  of  Fracture,  12, 
(1976),  475. 

h(a/w)  from  G.  Succop  et.al.,  ASTM  STP  632.  (1977),  p.  177. 

Kg( "Secant  Method")  from  T.  Ronald  et.al.,  AFML-TR- 70-311 ,  p.  6. 
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APPENDIX  C 

The  "staircase"  or  "up  and  down"  method  Is  widely  used  but  allows 
determination  only  of  the  "median"  fatigue  life  because  of  its  approach 
to  stress  level  selection;  that  is,  the  middle-most  value  in  an  ordered 
array.  The  arithmetic  "mean"  or  average  value  is  typically  close  to 
this  value.  This  test  provides  little  or  no  information  regarding  the 
fatigue  strength  distribution.  In  fact,  determining  the  true  shape  of 
this  distribution  is  virtually  impossible.  Nonetheless,  some  form  is 
usually  assumed;  for  example,  symmetrical  "normal"  (Gaussian)  or  non- 
symmetrical  Weibull. 

Mean  values  are  obviously  less  valuable  than;  for  example,  10% 
probability  of  failure  values.  The  reason  for  this  is  immediately 
obvious  upon  recognizing  that  a  design  engineer  must  use  a  much  more 
conservative  estimate  in  selecting  operating  stresses  for  a  service 
component. 

The  Boundary  technique  provides  such  a  means  to  allow  reasonable 

approximation  of  minimum  rather  than  mean  values.  Unfortunately,  in 

the  case  of  the  present  data,  the  reliability  of  this  method  is  actually 

no  greater  than  the  Staircase  method  simply  because  the  ratio  of 

N  :  M  .  (maximum  number  of  cycles  to  failure  to  minimum  number  of 
max  min 

cycles  to  failure  ratio)  at  a  given  stress  level  is  greater  than  30  to  1 . 
Note  however,  that  a  mere  doubling  of  the  number  of  specimens  tested 
(according  to  Maennig)  would  achieve  improved  enough  statistical  accuracy 
to  predict  such  minimum  values  of  fatigue  life. 

As  noted  by  Voss,  the  probability  of  failure  below  10%  or  above  90% 
is  almost  entirely  dependent  upon  the  distribution  function  employed. 
Therefore,  only  probabilities  between  10  and  90%  have  any  consistent 
relevance  in  such  statistical  treatments,  and  the  reader  is  cautioned 
against  any  extrapolations  of  the  lives  drawn  in  Figures  C-l  through  C-6, 
which  would  exceed  those  boundaries  (Reference  Voss  Diss.  p.  83). 
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Sample  calculations  of  each  method  are  as  follows: 

Sample  Calculations  for  Statistical  Treatment 
Boundary  Method 

P  =  WTT  x  100 

P  =  probability  of  failure  at  a  certain  life 
r  =  failed  before  that  life 

n  =  total  number  of  tests  In  a  given  stress  range 
Staircase  Method 


Stress  at  which  runouts  (less  frequent  event)  occurred. 


S(MPa) 

Order  x 

(Order  x#) 

Order 

§  of  Runouts 
(less  freq.  event) 

#  of  Runouts 

of  Runouts 

Sm.  -138 
min  U1 

0 

1 

2 

1 

0 

1 

2 

1 

145 

2 

1 

2 

4 

152 

3 

2 

6 

18 

159 

4 

1 

4 

16 

165 

5 

1 

5 

25 

169 

6 

1 

6 

36 

172 

7 

1 

7 

49 

Sum  N=10 

Sum  A=31  Sum 

b=T Tsh 

A 

ue$t  =  Estimated  Mean  Fatigue  Strength 

’  sm1n  *  (A/"  -  d)  •  d 
where;  d  *  average  change  In  stress  level 


c  -  >  .3  therefore, 

IT 

* 

ogst  *  Estimated  Standard  Deviation  of  Mean  Fatigue  Strength  = 
1.62  (o)  (c  +  .029) 
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then,  from  plot  of  G  vs.  —  (where;  G  =  confidence  limit  function  of 

°est 

4-) 

aest 

a  =  standard  deviation  of  mean  fatigue  strength  =  —  and, 

/FT 

S  .  =  a  -  1.96(a)  <  u  <  S  .  +  a  +  1.96(a) 

min  —  —  mm 

where,  1.96  is  factor  from  table  of  standards  normal  distribution  for 

A 

a  =  .05;  that  is,  95%  confidence  interval,  and  y  is  the  mean  fatigue 
strength. 
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TABLE  C-l 

P/H  FATIGUE**  DATA 


* 


P/M 

-  L 

P/M 

-  LT 

Stress  MPa 

Cycles 

Stress  MPa 

Cycles 

141 

2  x  107* 

165 

107* 

141 

1.3  x  105 

172 

107* 

145 

2  x  107* 

179 

8.8  x  104 

152 

2  x  107* 

172 

10  7 

159 

4.4  x  104 

172 

4.4  x  104 

138 

2  x  107* 

165 

107* 

165 

9.2  x  104 

172 

2.2  x  105 

165 

1.1  x  106 

193 

8  x  104 

172 

9.6  x  104 

179 

1.2  x  105 

169 

7.6  x  104 

155 

8.6  x  104 

172 

105 

141 

1.1  x  105 

169 

7.5  x  104 

172 

7.7  x  104 

152 

1.3  x  105 

179 

6.4  x  104 

138 

107* 

152 

io7* 

152 

107* 

165 

4.8  x  104 

159 

107* 

165 

5.2  x  104 

148 

2  x  105 

176 

2.4  x  105 

165 

107* 

131 

2  x  107* 

172 

2.4  x  105 

138 

2  x  107* 

169 

107* 

172 

107* 

176 

9  x  105 

• 

*  Test  Interrupted  -  No  Failure 

**  A STM  E466-72T 
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NORMAL 

OR 

GAUSSIAN 

PROBABILITY 

DISTRIBUTION 

% 

PROBABILITY 

OF 

FAILURE 


Figure  C' 


100 


60  A 


40 


20  A 


LEGEND 
•  -  p/n  -  L 
^ -  P/M  ~  LT 
D-  I/M  -  L 
O-  I/M  "  LT 


0  -i - 1 - 1 - 1 - 1 - 1 - 1 - r 

25  28  30  32  34  36  38  40 


%  OF  YIELD  STRENGTH  TO  FAILURE 
IN  FATIGUE  AT  107  CYCLES 


2.  Data  of  Figure  C-1  Normalized  to  Yield  Strength. 


AFWAL-TR-81 -4068 


7.  or  ULTINATE  STRENGTH  TO  FAILURE 
IN  FATIGUE  AT  10r  CYCLES 


Figure  C-3.  Date  of  Figure  C-l  Nonaallzed  to  Ultliaate  Strength. 
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NORMAL 


GAUSSIAN 

PROBABILITY 

DISTRIBUTION 


LEGEND 
•  -  P/M  -  L 
a  -  P/M  -  LT 
□  -  I/M  -  L 
O-  I/M  -  lT 


PROBABILITY 


FAILURE 


/ 


26  KSI 


STRESS  TO  FAILURE  IN  3  X  10s  CYCLES 


Figure  C-4.  Boundary  Method  Statistical  Treatment  of  Fatigue  Data  In 
Table  C-l  and  C-2. 
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» 


%  OP  YIELD  STRENGTH  TO  FAILURE 
IN  FATIGUE  AT  3  X  10s  CYCLES 


Figure  C-5.  Data  of  Figure  C-4  Normalized  to  Yield  Strength. 
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7.  OP  ULTIMATE  STRENGTH  TO  FAILURE 
IN  FATIGUE  AT  3  X  10s  CYCLES 


Figure  C-6.  Oita  of  Figure  C-4  Normalized  to  Ultimate  Strength. 
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